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INTRODUCTION 
The components of fats and oils are of importance to lipid chem-
ists, nutritionists, and biochemists, and to both research and industry. 
The separation of natural fats and oils into their simpler components 
has been the subject of extensive research. However, the composition 
of natural and oxidized fats and oils is of such complexity thai, no 
one analytical technique can separate all the components present. A 
combination of two or more techniques is now required to determine the 
components of natural fats and oils. 
Older methods of fractional and gradient crystallization and 
counter-current distribution are nonreproducible and time-consuming. 
Argentation and reversed-phase chromatography are not sufficiently 
reproducible for routine analysis and separation due to the problems 
associated with sample contamination and reproducibility. The degradation 
of heat sensitive lipids and the temperature limits of the available sta-
tionary phase limits the use of gas liquid chromatography in lipid analy-
sis and separation, especially in triglycerides, cholesteryl esters and 
heated fat components such as polar acids, dimers and polymers. 
There has, therefore, been a great need for a fast and reliable 
method for triglyceride, cholesteryl ester and heated methyl ester separ-
ation, in addition to a fast method for cholesterol determination. The 
possibility of obtaining such advantages by the use of high performance 
liquid chromatography has been visualized for many years, but only re-
cently has any measure of success been achieved due to the development of 
highly efficient bonded-phase packings for reversed-phase chromatography 
as well as gel permeation chromatography. 
The objects of this study are 1) to develop an HPLC method which 
shortens the time of analysis with minimum effort, that can be used 
2 
routinely to analyze and separa te the t r i g l y c e r i d e , choles tery l es te r s 
and heated f a t components, de tec t the e f f ec t of processing and adul te ra-
tion of f a t s and oils from cer ta in " f ingerpr in ts" and follow the pathways 
of t r ig lyce r ide and cho les te ry l esters biosynthesis and degradation; 2) to 
study the e f f e c t of the HPLC variables such as column packing, p a r t i c l e 
s ize , percent coverage, and the bonded chain length, and the change in 
mobile phase composition on t r iglycer ide ana lys i s ; 3) to develop a method 
for the determination of the change in the t r ig lycer ides of heated fa t s 
and oils by t h e separation of the t r i g lyce r ides and methyl es ters of heated 
olive o i l ; 4) to analyze the methyl e s t e r s of heated o l ive o i l by high 
performance g e l permeation and reversed-phase chromatography and GC-MS 
to determine the nature of some of the e s t e r s present; and 5) to discuss 
the pattern and mechanism of t r ig lycer ide , cholesteryl and methyl e s t e r 
retention behavior on high performance reversed-phase chromatography. 
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REVIEW OF LITERATURE 
I. TRIGLYCERIDES 
The complexity of triglyceride fatty acid components of natural 
fats has made their analysis and structural determination difficult 
(Litchfield, 1972; Christie, 1973; Kuksis, 1972; Kuksis, 1977; Padley, 
1966). General structural theories based on the fatty acid composition 
have been suggested (Youngs, 1961; Gunstone, 1962; Vander Wal, 1963), 
but their usefulness has been limited since they failed to establish 
either the true structure of the triglycerides or the mechanism of their 
formation (Litchfield, 1972; Kuksis, 1972; Kuksis, 1977). 
The persistent experimental difficulties have been largely over-
come by the introduction of methods which allow separation of complex 
triglyceride mixtures on the basis of difference m molecular weights and 
unsaturation, as well as techniques of stereospecific analysis. The dev-
elopment of these independent and complementary methods of triglyceride 
separation and analysis has permitted the identification and estimation 
of a majority of triglyceride components in natural mixtures (Litchfield, 
1972; Christie, 1973; Kuksis, 1972). 
Excellent reviews of the early investigations of the structure of 
natural fat triglycerides have been presented (Litchfield, 1972; Christie, 
1973; Kuksis, 1972; Kuksis, 1977; Padley, 1966; Mahadevan, 1967; Viswana-
than, 1969; Carroll, 1976; Kuksis, 1976). 
A. METHODS OF TRIGLYCERIDE ANALYSIS 
The triglycerides of a large number of fats and oils have been 
studied by many workers (Litchfield, 1972; Christie, 1973; Kuksis, 1972; 
Kuksis, 1977; Padley, 1966). 
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E a r l y Tr ig lycer ide Analys is Techn iques ; 
Hildi tch and co-workers (1964) s u b j e c t e d t r i g l y c e r i d e s to f r a c t i o n a l 
c r y s t a l l i z a t i o n and determined t h e f a t t y a c i d composit ion of the f r a c t i o n s 
u s i n g the same t e c h n i q u e . By u s i n g thermal g r a d i e n t c r y s t a l l i z a t i o n , a 
cont inuous c r y s t a l l i z a t i o n t e c h n i q u e , the h i g h melt ing t r i g l y c e r i d e s were 
s e p a r a t e d (Magnusson and Hammond, 1959). With t h i s method, Jones and 
Hammond (1961) s e p a r a t e d cocoa b u t t e r i n t o 43 f r a c t i o n s whose f a t t y ac id 
composit ion was de t e rmined by g a s l i q u i d chromatography. The s e p a r a t i o n 
of t r i g l y c e r i d e s h a v i n g two or t h r e e u n s a t u r a t e d acyl g r o u p s , however, was 
n o t complete. By means of c o u n t e r - c u r r e n t p a r t i t i o n , D u t t o n , e t a l . (1961) 
s t u d i e d the compos i t i on of l i n s e e d o i l (Dut ton and Cannon, 1956) , soybean 
o i l (Scholfield and Hicks , 1 9 5 7 ) , saf f lower o i l (Scho l f i e ld and Dut ton , 
1 9 5 8 ) , cocoa b u t t e r (Scho l f i e ld and Dutton, 1 9 5 9 ) , and c o r n o i l ( S c h o l f i e l d 
e t a l . , 1961). 
These methods a r e l a b o r i o u s , r e q u i r e l a r g e sample s i z e s , and a r e 
t i m e consuming i n a d d i t i o n to b e i n g n o n r e p r o d u c i b l e and i n c o n v e n i e n t for 
r o u t i n e a p p l i c a t i o n s . 
B. CHROMATOGRAPHY OF TRIGLYCERIDES 
The chromatographic t e c h n i q u e s used i n t r i g l y c e r i d e a n a l y s i s and 
s e p a r a t i o n are d i v i d e d according to t h e i r b a s i s of s e p a r a t i o n . 
Argen ta t ion Chromatography: 
Argentation chromatography , which i s b a s e d on the fo rma t ion of ir-
complexes with d o u b l e bonds of f a t t y ac ids and forms the b a s i s for s e p a r a -
t i o n of t r i g l y c e r i d e s according t o t h e i r d e g r e e of u n s a t u r a t i o n . 
Gas Liquid Chromatography: 
Gas l iquid chromatography, which s e p a r a t e s t r i g l y c e r i d e s on the b a s i s 
of t h e i r boi l ing p o i n t and t h u s , according t o t h e i r mo lecu la r w e i g h t s . 
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Reverse Phase Chromatography: 
Reverse phase chromatography, which separates triglycerides accord-
ing to their Equivalent Carbon Number (ECN) on the basis of their partition 
between the non-polar stationary phase and the polar mobile phase which 
is affected by the molecular weight and unsaturation of the triglyceride 
where ECN = N - 2b, where N = carbon number, b = number of double bonds. 
ARGENTATION CHROMATOGRAPHY 
Argentation chromatography has been used to separate natural tri-
glycerides according to their degree of unsaturation (Barrett, et al., 1962; 
De Vries, 1962). De Vries (1962, 1964) first described the separation of 
triglycerides according to their double bond content on columns of silica 
impregnated with silver nitrate. He separated SSS, POP, PEP, S00 and 
OOO from one another. Palm oil was separated by this method into six 
fractions corresponding to PPP, POP, PPL, POO, PLO, and 000 and triglycer-
ides with four or more double bonds (De Vries, 1962; De Vries, 1964). The 
triglycerides containing fatty acids with a trans configuration of the 
double bond migrate faster than those with a cis configuration (Padley, 
1966; De Vries and Jumens, 1964; De Vries and Jurriens, 1963). Thus, 
oleoyl and elaidyl isomers can be separated by argentation thin-layer 
chromatography (De Vries and Jurriens, 1964; De Vries and Jurriens, 1963; 
Wessels and Rajagopal, 1969). De Vries and Jurriens (1964) separated 
triglycerides according to unsaturation and configuration of the double 
bond. Mixtures of SSS, PPO, S00, and 000 and SSS, PPE, SEE, and EEE 
were separated from one another, as well as those of PPO, PPE, S00, SEE, 
000, and EEE. The trans triglycerides had higher Rf values than the cis 
isomers. Jurriens (1964) separated mixtures of triglycerides containing 
acyl groups with cis and/or trans double bonds into the groups SSS, SSE, 
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SEE + SSO, SOE + EEE w i t h one c i s doub le bond equal i n complexat ion 
to two t r a n s double b o n d s . The p o s i t i o n of the a c y l group in the t r i -
g l y c e r i d e molecule i n f l u e n c e d the r e s o l u t i o n s i n c e l - o l e o y l - 2 , 3 - d i s t e a r i n 
was r e t a i n e d longer t h a n 2 - o l e o y l - l , 3 - d i s t e a r m ( B a r r e t t , e t a l . , 1963) . 
A s t r o n g e r ir-complex was found to be formed by a d i e n o i c ac id than by 
two m o l e c u l e s of monoenoic ac id , and a t r i e n o i c ac id has a s t r o n g e r 
iT-complex t han two d i e n o i c acid molecu les or t h r e e monoenoic molecu les 
(Gunstone and Padley, 1 9 6 5 ) . 
Thus , i t has proved e x p e r i m e n t a l l y f e a s i b l e to r e s o l v e t r i g l y c e r i d e s 
in to t he fo l lowing c l a s s e s of u n s a t u r a t i o n in the o r d e r of d e c r e a s i n g r a t e 
of m i g r a t i o n : 000, 100 , 110, 200, 1 1 1 , 210, 211 , 220, 300, 221 , 310 , 222, 
311, 320, 3 2 1 , 322, 330 , 3 3 1 , 332, 333 where 0 , 1 , 2 and 3 r e p r e s e n t the 
number of double bonds i n a s i ng l e f a t t y ac id w i t h i n t h e t r i g l y c e r i d e 
molecules (Padley, 1966; Gunstone and Pad ley , 1%5; P r i v e t t , e t a l . , 1965; 
Roehm and P r i v e t t , 1970) . 
GAS LIQUID CHROMATOGRAPHY 
The s e p a r a t i o n of t r i g l y c e r i d e s on the b a s i s of t h e i r molecu la r 
weight h a s been accomplished by gas l i q u i d chromatography (GLC) ( L i t c h -
f i e l d , 1 9 7 2 ; C h r i s t i e , 1 9 7 3 ; Kuksis , 1972; Kuksis , 1977; Padley , 1966; 
Huebner, 1 9 6 1 ; Kuksis and McCarthy, 1962; Kuksis , 1975; Kuksis , 1965: 
L i t c h f i e l d , e t a l . , 1965 ; L i t c h f i e l d , e t a l . , 1967; McCarthy, e t a l . , 
1962; K u k s i s , et al., 1 9 6 3 ; Kuksis and McCarthy, 1964; Kuksis , e t a l . , 
1965; S c h l a t e r , e t a l . , 1963) 
Huebner (1961) s e p a r a t e d a m i x t u r e of s imple t r i g l y c e r i d e s r ang ing 
from t r i a c e t i n to t r i s t e a r i n on a temperature-programmed s i l i c o n e r u b -
be r -coa ted column. Improved s e p a r a t i o n s were ob ta ined wi th molecules 
con ta in ing s h o r t and medium chain f a t t y ac id s where molecu la r we igh t s 
did not exceed that of t r i s t e a r i n ( K u k s i s , 1972; Kuksis and McCarthy, 1962; 
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Kuksis, 1975; Kuksis, 1965). Litchfield et al. (1965; 1967) have 
obtained a base-line separation of triglycerides differing by one methyl-
ene group. Triglycerides having unsaturated fatty acids were eluted 
ahead of their analogues (Litchfield, et al., 1965; 1967). 
Excellent separations of triglycerides on GLC were achieved using 
fats and oils that contained low molecular weight triglycerides such as 
coconut oil and butterfat (Kuksis and McCarthy, 1962; McCarthy, et al., 
1962; Kuksis, et al., 1964). However, most vegetable oils gave the 
same chromatogram (Kuksis and McCarthy, 1962; Schlater, et al,, 1963). 
Successful separation of triglycerides on GLC has been achieved on 
columns with packings which included 1-3% of the following stationary 
phases: SE-30, JXR, OV-1, and Dexil 300 (Litchfield, 1972; Kuksis, 1976; 
Kuksis and McCarthy, 1962; Litchfield, et al., 1967; Novotny, et al., 1972). 
However, this method was not without problems (Litchfield, 1972; 
Christie, 1973; Kuksis, 1972; Kuksis, 1976). The use of high tempera-
ture results in degradation of temperature-sensitive triglycerides and 
makes the choice of a stable stationary phase difficult as well. In 
addition, this method is unable to give fingerprint chromatograms which 
could be used to differentiate between the different fats and oils which 
limits its use in triglyceride analysis. 
REVERSE PHASE CHROMATOGRAPHY 
Triglyceride fractionation according to equivalent carbon number is 
accomplished by reverse phase chromatography (Litchfield, 1972; Christie, 
1973; Kuksis, 1972). The underlying principle of reverse phase chroma-
tography (RPC) is based on the distribution of a solute between a non-
polar stationary phase and a polar mobile phase. Triglycerides are 
separated primarily according to their carbon number. An olefinic double 
bond effectively decreases the carbon number by two or more. 
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Reverse phases may b e prepared by impregnating t h e support wi th a 
non-polar s t a t ionary phase such as te t radecane , hexadecane or l i q u i d 
paraffin (Wessels and Rajagopal, 1969; Litchfield, 1968; Steiner and 
Bonar, 1961; Kaufman, e t a l . , 1961; Mangold, 1959; Kaufman and Makus, 
1959; Kaufman and Makus, 1961; Vereshchagin, 1965; Vereshchagin and 
Novitskaya, 1965). 
Reverse phase column chromatography has been used for t r i g l y c e r i d e 
separation (Black and Hammond, 1963; H i r sch , 1963; N l c k e l l and P r i v e t t , 
1965), but t h e method was nonreproducible which l im i t ed i t s use i n 
routine app l i ca t ions . 
Reverse phase paper chromatography was better t h a n column chroma-
tography and has been used successfully i n the ana lys i s of t r i g l y c e r i d e s . 
Although e x c e l l e n t r e s o l u t i o n s were achieved, and sma l l sample s i z e was 
required, t h e method has been limited due to the problems of de tec t ion 
and recovery of samples i n addition to t h e length of t ime required for 
the analysis (Swartwort and Gross, 1964) . 
Superior separations of t r ig lycer ides were achieved using r eve r se 
phase t h i n - l a y e r chromatography (Kaufman and Makus, 1970; Vereshchagin, 
1964) where Kleselguhr G and Silica g e l G impregnated pla tes were used . 
Silicone and paraffin o i l impregnated p l a t e s are s u p e r i o r to the more 
volatile impregnation a g e n t s such as heptane and undecane, but s i l a n i z e d 
Kleselguhr G plates were reported to have an advantage over s i l i cone or 
paraffin-coated" plates (Ord and Bamford, 1966). Tr ig lycer ides having 
molecular weigh ts of 24 :0 , 30:0, 36:0, 42 :0 , and 54:0 have been s e p a r -
ated from one another on S i l i c a gel G p l a t e s impregnated with undecane 
using a c e t o n e : a c e t o n i t r i l e (7:3) as a mobile phase (Kaufman and Makus, 
1960). Sa tu ra t ed t r i g l y c e r i d e s having molecular weights of 38, 42, 44, 
46, 48, 50 and 54 were a l s o separated on a tetradecane-impregnated 
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Kleselguhr G p l a t e employing a mobile phase of acetone:acetoni t r i le (8:2) 
mixture, saturated with 80% tetradecane. Triglycerides can be separated 
on the basis of unsaturation and molecular weight by using ace t ic acid 
or ace ton i t r i l e containing 1-10% water (Mangold, 1969), as well as mixtures 
of ace toni t r i le :ace tone (Wessels and Rajagopal, 1969; Kaufman and Makus, 
1961; Kaufman and Makus, 1959; Kuksis, e t a l , 1963) or nitromethane (Li tch-
f i e l d , 1968). The unsaturated t r ig lyce r ides COO, MOO, POO, S00, and SSO 
were separated from one another . Triglyceride c r i t i c a l p a i r s having equiv-
a len t carbon numbers lower than 48:0 such as 54:9 and 36:0, 54:6 and 42:0 , 
54:4 and 50:2, and 54:4 and 50:2 were well separated with s ingle develop-
ment. However, c r i t i c a l p a i r s having ECN of 48:0 or h igher , such as 000, 
POO, and PPO, were not completely separated with single development (Kauf-
man, et a l . , 1961). Multiple development using an ace tone:ace toni t r i le 
mixture (8:2) as a mobile phase resulted i n the separation of c r i t i c a l 
p a i r s of 000 and POO, 000 and PPO, 000 and PPP, as well as PPO and PPP 
(Kaufman and Das, 1962). These separations indicate that one double bond 
i s not exactly equivalent to two methylene groups as has been reported 
(Litchfield, 1972; Carroll , 1976). C is - t rans isomers of 000 and EEE, 
OOP and EEP, S00 and SEE were separated by multiple stage development 
(Kaufman and Das, 1962). 
The applicat ion of t h i s method to the analysis of vegetable oi ls 
and fa t s has resu l ted in the separation of these oi ls in to simpler compo-
nents than has been achieved using a s ing le technique (Li tchf ie ld , 1968; 
Kaufman and Makus, 1960; Kaufman and Das, 1962; Kaufman and Wessels, 1964). 
A very nearly complete fract ionat ion of t r iglycerides in naturally 
occurring mixtures i s possibly by the combination of two or more of the 
above mentioned chromatographic techniques such as argentat ion and reverse 
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phase chromatography, argentation and gas liquid chromatography, and/of 
reverse phase and gas liquid chromatography (Wessels and Rajagopal, 
1969; Litchfield and Wessels, 1964). 
These techniques are tedious and time-consuming, requiring special 
precautions, and are not sufficiently reproducible for routine applications. 
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
The introduction of High Performance Reverse Phase Chromatography 
(HPRC) has revolutionized the field of lipid analysis and separation 
(Durst, et al., 1975; Borch, 1975; Scholfield, 1975; Vonach and Schomberg, 
1978; Wada, e t a L , 1977; Wada, et al., 1978; Pei, et al., 1975; Plattner, 
et al., 1978; Plattner, et al., 1977; Spencer, et al., 1977; Payne-Wahl, 
et al., 1979; Parris, 1978; Herslof, et al., 1979). Recently, the use 
of HPRC in triglyceride separation has increased (Vonach and Schomberg, 
1978; Wada, et al., 1977; Wada, et al., 1978; Pei, et al., 1975; Plattner, 
et al., 1978; Plattner, et al., 1977; Spencer, et al., 1977; Payne-Wahl, 
et al., 1979; Parris, 1978; Herslof, et al., 1979). Pei, et al. (1975) 
used Vydac reverse phase packing to separate triglycerides using methanol: 
water as mobile phase. Columns packed with u-Bondapac C-18 have been 
utilized in the separation and analysis of triglycerides using different 
mobile phases and the refractometer as detector (Plattner, et al., 1978; 
Plattner, et al., 1977; Spencer, et al., 1977; Payne-Wahl, etal., 1979). 
Parris (1978) first separated triglycerides on a Zorbax ODS column using 
non-aqueous mixtures of methylene chloride, tetrahydrofuran, and acetonitrile 
as mobile phases and detected the eluted components with an infrared detector. 
Herslof, et al. (1979) recently compared the effect of mobile phases 
containing acetonitrile:acetone, and acetone:methanol on triglyceride 
separation of u-Bondapac C-18 and Spherosorb 5-ODS packed columns. Separa-
tion of the critical pairs was not achieved in the above studies. 
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However, more recently, triglycerides critical pairs have been separated 
on a 5 u Lichrosorb RP 18 reverse phase stationary phase using acetonitrile: 
acetone (1:1 v/v) as the mobile phase (Goiffon, et al., 1981a,b). 
II. CHOLESTEROL AND CHOLESTERYL ESTERS 
The determination of cholesterol and total cholesteryl esters is 
frequently performed in clinical analysis (Zak, 1978). Classical methods 
of analysis such as enzymatic assays (Gamble, et al., 1978) and/or colon-
metric reactions (Rudel and Morris, 1973) are tedious and time consuming. 
Interference of other serum components (Pesce and Bodourian, 1977) are 
but one of the drawbacks of these methods. Cholesteryl esters cannot be 
directly measured by the above methods, but must be assayed for cholesterol 
and the fatty acids analyzed as methyl esters by gas liquid chromatography. 
Chromatographic methods are applicable to the separation of cholesterol 
and cholesteryl esters. Argentation chromatography has been used to separ-
ate cholesteryl esters into groups according to their degree of unsaturation 
(Morris, 1963). The separation of cholesteryl esters according to the 
carbon number of the fatty acids esterified to the cholesterol may be 
achieved using gas liquid chromatography (Kuksis, et al., 1975; Kuksis, 1973; 
Takagi, et al., 1977). However, the unsaturated moieties are not separable 
by the stationary phases now available for gas chromatography. 
The use of reverse phase chromatography resulted in improved separa-
tion of cholesteryl esters on the basis of their equivalent carbon number 
(ECN) with an indication of partial resolution of some critical pairs 
(Ellingboe, et al., 1968). A combination of two of these methods is re-
quired for a complete separation of the cholesteryl esters into individual 
components. However, these methods are not rapid enough nor reproducible 
enough for routine analysis. 
Recently, high performance reverse phase chromatography (HPRC) has 
been used to separate free and esterified cholesterol (Duncan, et al., 1979). 
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The main disadvantage of th is method was the ine f f ic ien t resolut ion of 
c r i t i c a l p a i r e s t e r s . Even more recent ly (Carroll and Rudel, 1981), a 
method foi the separation and quantif icat ion of cholesterol and i t s esters 
has appeared which u t i l i z e s high performance l i qu id chromatography for 
the separat ion of a s e r i e s of saturated and unsaturated choles teryl esters 
and free choles te ro l . 
I l l . THE EFFECT OF HEATING ON FATS AND OILS 
Most f a t s appear to withstand normal cooking temperatures without 
major objectionable changes. However, if fats are abused in use under 
conditions of high temperatures for long periods of time, they w i l l undergo 
chemical and physical changes that influence t h e i r performance as frying 
fats as well as their nu t r i t i ona l qua l i ty . Numerous reviews on these 
changes have appeared in the past (Perkins, 1960; Schultz, 1962; Kaunitz, 
1967; Lea, 1965; and Nawar, 1969; Artman, 1969; Perkins, 1967; Perkins , 
1976; and Brodiz, 1968). 
Mechanisms involved during frying processes can be c lass i f i ed as 
1) Autooxidation: defined as the degradative decomposition due to the 
oxidation of the fat a t temperatures lower than 150 C in the presence 
of a i r , 2) Thermal polymerization: thermal degradation in the absence 
of air at temperatures higher than 150 C, and 3) Thermal oxidation: oxi-
dation of f a t s at high temperatures in the presence of a i r . When fats 
are heated m a i r at high temperatures, they w i l l form decomposition 
products depending upon the nature of the fat and the temperature and 
time of heat ing (Witting, e t a l . , 1979). These decomposition products 
include: 1) Vola t i les : short-chain products which d i s t i l l during frying, 
and 2) nonvola t i les : t r ig lycer ides and other high molecular compounds 
which remain af ter the frying process. 
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A. VOLATILE OXIDATION PRODUCTS 
V o l a t i l e compounds a r i s i n g from thermal o x i d a t i o n a re p r i m a r i l y 
the r e s u l t of p y r o l y s i s , and under t h e s e severe c o n d i t i o n s even s a t u r a t e d 
t r i g l y c e r i d e s w i l l form v o l a t i l e decomposition p r o d u c t s (Lien and Nawar, 
1973) . Kawada, e t a l . , (1967) have summarized the p o s s i b l e schemes f o r 
the f o r m a t i o n of v o l a t i l e p r o d u c t s from t r i g l y c e r i d e s t o be: h y d r o l y s i s 
of e s t e r l i n k a g e s ; o x i d a t i o n of f a t t y a c i d s ; thermal deg rada t i on of 
f a t t y a c i d s ; thermal o x i d a t i o n of f a t t y a c i d s ; a u t o o x i d a t i o n of a l d e h y d e s 
and k e t o n e s . They i d e n t i f i e d 30 s a t u r a t e d , u n s a t u r a t e d , ke to , h y d r o x y , 
d i c a r b o x y l i c , and a r o m a t i c f a t t y a c i d s , whereas i d e n t i f i c a t i o n of t h e 
n o n a c i d i c v o l a t i l e decompos i t ion p r o d u c t s of corn o i l r evea l ed 65 a d d i -
t i o n a l compounds (Krischnamurthy and Chang, 1967), w h i c h include h y d r o -
ca rbons , a l c o h o l s , e s t e r s , l a c t o n e s , a ldehydes , k e t o n e s , and a r o m a t i c 
compounds. A s i m i l a r a r r a y of 61 n o n a c i d i c compounds (Reddy et a l . , 1968) 
and 38 a c i d i c compounds (Yasuda, e t a l . , 1968) were i d e n t i f i e d i n h y d r o -
genated c o t t o n s e e d o i l . S i m i l a r l y , Thompson, et al_. (1978) i d e n t i f i e d 
133 a c i d i c and n o n a c i d i c v o l a t i l e decomposition p r o d u c t s from the t h e r m a l 
o x i d a t i o n of t r i l i n o l e m and Selke e t a l . (1975) i s o l a t e d and c h a r a c t e r -
ized 77 v o l a t i l e decompos i t ion p roduc t s from t r i s t e a r i n . 
F e d e l i , e t a l (1976) the rma l ly oxidized soybean a n d rapeseed o i l s 
a t 180 C f o r 24 h o u r s ; t h e v o l a t i l e o x i d a t i o n p roduc t s included e s t e r s , 
a l d e h y d e s , k e t o n e s , e t h e r o c y c l i c compounds, a l coho l s , and hydroca rbons . 
Benzoic a c i d was i d e n t i f i e d a s one of t h e v o l a t i l e p r o d u c t s of deep f a t 
f ry ing (Kawada, et^ a l . , 1 9 6 7 ) . The dominant a t tack d u r i n g thermal o x i d a t i o n 
of s a t u r a t e d f a t t y e s t e r s t a k e s p lace i n the v i c i n i t y of the double bonds 
i n p r e f e r e n c e to a t t a c k i n g t h e p rox imi ty of the c a r b o x y l group i n t h e 
format ion of a ldehydes . 
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B. NONVOLATILE OXIDATION PRODUCTS 
The nonvolatile triglyceride products that are formed can be divided 
into three categories: (1) Unchanged triglycerides: monomeric triglycer-
ides with molecular weights of less than 900 daltons, (2) Dimeric triglycer-
ides: intermolecular condensation of two fatty acid chains in two different 
triglyceride moieties resulting in a dimeric triglyceride with an average 
molecular weight of 1,800 daltons, and (3) Polymeric triglycerides which 
results from the condensation of three or more triglycerides to form high 
molecular weight compounds with molecular weights of more than 2,700 daltons. 
Methanolysis of the triglycerides will result in the formation of 
(1) Short-chain fatty esters which do not distill because of their bonding 
to the glvcerol moiety, (2) Monomeric fatty esters which include unchanged 
and changed fatty ester chains with molecular weights of less than 300 
daltons, (3) Dimeric fatty ester which is the result of the condensation 
of two fatty ester chains with an average molecular weighL of 600 daltons, 
and (4) Polymeric fatty esters in which more than two fatty acid esters 
are attached together forming products with molecular weights of more than 
900 daltons. 
Artman and Alexander (1968) heated partially hydrogenated soybean oil 
for ten days at 182 C, for 8.5 hours each day, in the presence of air. The 
oil was converted to the ethyl esters, which were distilled and adducted 
with urea. After chromatographic separation of the nonadductable fraction 
and chemical and spectroscopic characterization, they characterized sub-
stances which included aromatic esters (I), saturated and unsaturated 
cyclic esters (II), ethoxy octadecenoate, ethoxyhydroxyoctadecenoate, 
oxo-octadecanoate, oxo-octadecenoate, and cylic hydroxy esters, all 
having 18 carbons in the acid chain. The thermal oxidation of pure 
1-linoleyl 2,3-distearin at 200 C resulted in the formation of 18-penta-
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t r i a c o n t a n o n e , i somer ic m e t h y l - k e t o - o c t a d e c e n o a t e , m e t h y l - u n d e c a n e - 1 , 
1 1 - d i o a t e , and a mix ture of i somer ic C.„ a romat ic me thy l e s t e r ( P e r k i n s 
and Wantland, 1973). Unoxidized f a t t y a c i d as we l l a s 2 -cyc lohexy ldodec-
5-eno ic a c i d and isomers have a l so been found (Pe rk in s and Wantland, 1973) . 
oc. ex... cc 
i i i • i n 
where 
R' = -CH2(CH2)xCOOCH3 x + y = 9 
R» = -(CH2)yCH3 
A mixture of 2, 8, 9 and 10 monohydroxystearic acid, 9,10-10-di-
hydroxystearic acid, l-decyl-2-(dec-6-enyl)-cyclohexane, and a mixture 
of isomers corresponding to cyclic monomers of oleic acid and containing 
exo- and endocyclic unsaturation have been isolated from the nonvolatile 
products of triolein thermally oxidized at 200 C for 24 hours (Perkins, 
et al., 1971). 
Cyclic monomers have been found in the nonvolatile oxidation 
products of cottonseed oil (Artman, et al., 1972), corn oil (Roe, 1968), 
and soybean oil (Artman, 1968). They have been isolated from thermal 
oxidation of some fatty acids (Scharmann et al., 1969; Michael, 1966). 
Mechanisms for the formation of cyclic monomers and elucidation 
of their structures have been investigated extensively and reviewed by 
Potteau et al. (1978). To investigate the extent of cyclic monomer 
formation during thermal polymerization compared to thermal oxidation, 
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P o t t e a u e t a l . s u b j e c t e d r e f i n e d l i n s e e d o i l t o thermal po lymer i za t i on 
a t 275 C for 12 hours under n i t r o g e n and to t h e r m a l o x i d a t i o n a t 200 C 
fo r 10 hours i n t h e presence of a i r . Their f i n d i n g s r e v e a l e d t h a t t he 
c o n c e n t r a t i o n of c y c l i c monomers was ten t i m e s g r e a t e r i n the rmal ly p o l y -
mer ized o i l than i n thermal ly o x i d i z e d o i l , a l t hough o t h e r parameters 
s t u d i e d showed t h e degrada t ion i n both the o i l s to be comparable . 
Dimers and Polymers 
Dimers and polymers can be formed by t h e r m a l o x i d a t i o n as wel l a s 
by a u t o o x i d a t i o n . They form a l s o when p r e v i o u s l y oxid ized f a t s a re 
s t r o n g l y hea ted (Evans e t a l . , 1 9 6 5 ) . Cowan (1962) sugges ted t h a t forma-
t i o n of dimers i s *-he r e s u l t of t h e D i e l s - A l d e r r e a c t i o n . 
R'-CH=CH-CH -CH=CH-R" I 
R'-CH=CH-CH=CH-CH2-R" I I 
+ (I + I I ) 
r 
R' 
U n l i k e dimers produced by o x i d a t i o n a t low t e m p e r a t u r e s , t he rma l o x i d a t i o n 
d imers a re bonded v i a oxygen-carbon or oxygen-oxygen bonds . 
Frankel et^ a l . , (1960) concluded tha t t h e dimers they prepared were 
j o i n e d t oge the r by carbon-carbon bonds . F i r e s t o n e (1963) and B a r r e t , e t 
a l . (1966) have p r e s e n t e d the ev idence for t h e presence of dimers in c o t t o n -
seed o i l which has been used f o r f r y i n g . P e r k i n s and Wantland (1973) 
f u r t h e r used combined GC-MS t o show the p r e s e n c e of d imer i c compounds i n 
t h e r m a l l y o x i d i z e d l - l i n o l e y l - 2 , 3 - d i s t e a r i n . Paschke , e t a l . , (1964) i n -
v e s t i g a t e d t he d i m e r i z a t i o n of me thy l t r a n s - 1 0 - t r a n s - 1 2 - o c t a d e c a d i e n o a t e . 
The dimer s t r u c t u r e was shown t o be the r e s u l t of D ie l s -A lde r r e a c t i o n 
between two molecu le s of monomer w i t h one molecu le a c t i n g as the diene 
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and another with two double bonds as the dienophile. 
R»-CH=CH-CH2-CH=CH-R" 
R'-CH=CH-CH=CH-CH2-R" II 
4- (I + II) 
R" 
C H2 „ 
^ ^H9CH=CH-R' 
R« 
Such reactions produce isomers of a 1, 2, 3 and 4-tetra substituted 
cyclohexene structure. Mclnnes, et al. (1960) supported this cyclic 
nature of the dimers. Several workers indicated that dimers produced 
by thermal oxidation at high temperature are highly polar in nature 
(Frankel, et^  al., 1960; Firestone, 1963; Barret, et al., 1966). Nawar 
(1969) indicated that thermal dimerization of methyl oleate results in 
the formation of three classes: acyclic dimers, acyclic monomers, and 
monocyclic saturated dimers. 
Thermal oxiciation of saturated and unsaturated fatty acids produced 
dark viscous products, dehydrogenation occurred, and association to form 
high molecular weight compounds occurred (Brodiz, 1968; Kawada, et al., 
1967). Perkins and Kummerow (1959) showed that thermal oxidation of corn 
oil caused the formation of polymerized material. A combination of urea 
treatment and molecular distillation resulted in the isolation of several 
polymer fractions with molecular weights ranging from 693 to 1,600 daltons 
containing a high percentage of hydroxyl and carbonyl compounds which were 
cyclic in structure. Sahasrabudhe, et^  al. (1964) fractionated corn oil 
heated at 200 C into 8 fractions; the first four fractions constituting 
about 62% of the original oil were found to be triglycerides. The remain-
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i n g four f r a c t i o n s c o n s t i t u t e d polymeric and other d e g r a d a t i v e p roduc t s 
w i t h molecular w e i g h t s rang ing from 1,320 t o 4,800 d a l t o n s . Polymers 
from thermal o x i d a t i o n of c o t t o n s e e d o i l w i t h molecular w e i g h t s as h igh 
a s 1,790 d a l t o n s have been o b t a i n e d ( F i r e s t o n e , et a l . , 1961) Paulose 
and Chang (1970) f r a c t i o n a t e d t r i o l e i n t r e a t e d a t 185°C f o r 72 hours 
i n t o 7 f r a c t i o n s w i t h molecu la r weights r a n g i n g from 485 t o 833 d a l t o n s . 
C. ANALYTICAL METHODS FOR POLYMER CHARACTERIZATION 
F i r e s t o n e (1963) has rev iewed the a n a l y t i c a l methods used for 
f a t t y acid polymer c h a r a c t e r i z a t i o n and measurement t h rough 1963. Mole-
c u l a r d i s t i l l a t i o n of the me thy l e s t e r s h a s been used by a number of 
w o r k e r s to de t e rmine the monomer and dimer c o n c e n t r a t i o n i n heated o i l s 
(Cowan, e t a l . ) 1949; Nelson, e t a l . , 1975 ) . The d i s t i l l a t i o n method i s 
e m p i r i c a l and t e d i o u s . In a d d i t i o n , a t t a i n a b l e accuracy i s q u e s t i o n a b l e 
s i n c e some p o l y m e r i z a t i o n of samples may t a k e place d u r i n g a n a l y s i s under 
t h e d i s t i l l a t i o n cond i t i ons employed. F r a n k e l , e_t a l . (1960) s epa ra t ed 
d i m e r s and monomers by l i q u i d p a r t i t i o n chromatography of t h e f ree f a t t y 
a c i d s using methanol on s i l i c i c a c i d as t h e s t a t i o n a r y p h a s e and 2% meth-
a n o l i n benzene a s the mobile p h a s e . However, t h i s s e p a r a t i o n i s s low, 
and changes in t h e mobile phase composit ion w i t h time make i t d i f f i c u l t 
t o reproduce r e s u l t s and l i m i t i t s a p p l i c a t i o n . Nelson, e_t a l . (1975) 
h a s desc r ibed a g a s chromatographic t echn ique for the d e t e r m i n a t i o n of 
monomers and d i m e r s , which i s l i m i t e d to f a t t y a c i d s . The technique of 
g e l permeation chromatography h a s been a p p l i e d to polymerized f a t t y a c i d s 
and t r i g l y c e r i d e s . Ba r to s i ewics (1967) demons t ra ted s a t i s f a c t o r y s e p a r a -
t i o n of monomers and dimers w i t h c r o s s - l i n k e d po lys ty rene b e a d s . Chang 
(1968) used a po rous s t y r e n e - d i v i n y l benzene g e l to d e t e r m i n e small amounts 
of f a t t y acid dimer in t a l l o i l . Using a modi f ied d e x t r a n g e l , Sephadex 
LH-20, Hase and Harva (1968) showed that t h e methyl e s t e r s of f a t t y a c i d 
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monomers could be separated from dimers and higher oligomers. Inoue, 
et al. (1970) achieved resolution up to and including tetramers and 
obtained evidence for the presence of pentamer and higher oligomers. 
Perkins, et al. (1972) separated both fatty acids and triglyceride poly-
mers of heated corn oil using Sephadex LH-20 and Biobeads SX-1. Aitzet-
miiller (1972a,b) indicated that gel permeation chromatography can be 
used as a measure and indication of the extent of heating and polymeri-
zation of heated oils and fats. 
For the evaluation of oils from frying operations, Waltking and 
Zmachinski (1970) preferred a gas chromatographic method utilizing 
internal standards for the determination of total polyunsaturated fatty 
acids. Gas liquid chromatography has been extensively used for the 
analysis of thermally oxidized and polymerized fats and oils (Whitlock 
and Nawar, 1976; Waltking, e_t al., 1975). A combination of gas chrom-
tography-mass spectrometry has been extensively employed by Frankel and 
co-workers (Frankel et al. 1977) for the analysis of autooxidized methyl 
esters. Selke et al. (1978) and Whitlock and Nawar (1976) analyzed ther-
mally decomposed methyl esters by GC-MS. 
EXPERIMENTAL 
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I . ANALYTICAL METHODS 
A. HIGH PERFORMANCE H Q U l D CHROMATOGRAPHY (HPLC) 
The HPLC instrument s y s t e m employed cons is ted of a Tracor 950 and 
995 d u a l pis ton i soch^ma tog raph ic pump (Tracor I n s t r u m e n t , A u s t i n , TX), 
a Rheodyne loop in jec t Q r (model 7120) equipped w i t h a 20 ul sample loop 
and a Water's R401 d i f f e r e n t i a l Refractometer Detector (Water's Assoc , 
Milford, MA). Separations were recorded with a Hewlett Packard 3385 
e l ec t ron ic Integrator ( P a l o Alto, CA) a t various char t speeds. Reten-
t ion times were automatically printed by the recording i n t eg ra to r . The 
two modes of HPLC separa t ions used in t h i s study a re as follows. 
High Performance Revefge E»riase Chromatography (HPRC) : 
Six commercially Packed columns produced by d i f fe ren t manufacturers 
were used in the preliminary studies: P a r t i s i l 0DS-1 and 0DS-2 octadecyl 
bonded s i l i c a of 10 u P a r t i c l e size (Whatman Inc . , Bridewell P lace , N . J . ) , 
and a Zorbax-ODS oc tad e cy l - s i l i ca of 6 - 7 u diameter (DuPont Co., Wilmington, 
DE). These columns were s t a i n l e s s s t e e l , 250 mm i n length and 4.6 mm id. 
In addi t ion , three 150 mm x 4.6 mm id s t a in l e s s s t e e l columns packed with 
a 5 u octyl bonded spb e r iQa l silica LC-8 , a 5 u methyl bonded spher ical 
s i l i c a LC-1 and a 5 u 0cteidecyl bonded spherical s i l i c a LC-18 (Supelco, 
Supelco Park, Bellefonte, PA) were u s e d . 
One mobile phase ^ s employed in t h e preliminary t r i g lyce r ide separa-
t ion and consisted of f i x t u r e s methanol:acetone: isopropanol:acetoni tr i le , 
ranging from 1:0:3:4 ( v /v) t o 1:6:3:4 ( v / v ) , Triglycerides employed as 
standards were obtained f rom NuChek P r e p (Elysian, MN) and Supelco Co. 
(Bellefonte, PA) Triglycer ides were so lub i l i zed i n tetrahydrofuran (THF) 
or acetone at 100 mg/ml f o r each compound. Coconut o i l was used as a 
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triglyceride standard mixture because it contains a homologous series of 
C„. to C,_ saturated triglycerides. Five to ten microliters of 20-25% 
coconut oil in THF were injected. In the separation of critical pair 
triglycerides and its application in vegetable oil analysis a comparison 
between two columns from two different manufacturers was conducted. Two 
250 x 4.6 mm stainless steel columns were used: a Supelcosil LC-18 and 
a Zorbax ODS. A comparison between the use of one, two and three Supelco-
sil LC-18 columns was also conducted. Mixtures of acetone and acetonitrile 
[63.6:36.4 (v/v)] and acetonitrile:acetone:THF [25:16:9 (v/v)] were used 
as mobile phases. Vegetable oils were solubilized in THF at 200-250 mg/ml. 
Separation of cholesterol and cholesteryl esters was conducted using one 
or two Supelcosil LC-18 columns. The mobile phase consisted of a mixture 
of methanol, chloroform and acetonitrile [1:1:1 (v/v)]. Cholesterol and 
cholesteryl ester standards were purchased from Supelco and Nu-Chek Prep. 
Separation of heated olive oil methyl esters was accomplished using 2 x 
250 x 4.6 mm stainless steel Supelcosil LC-18 columns. Acetonitrile and 
acetonitrile:methanol (1:1) were used as mobile phases. Samples were solu-
bilized in methanol at a concentration of 200-250 mg/ml and 20 pi were 
injected. For preparative work neat samples were injected. Fractions 
collected were analyzed by GC and some fractions were subjected to GC-MS. 
All solvents employed were of analytical reagent grade except acetonitrile, 
which was glass distilled. 
High Performance Gel Permeation Chromatography (HPPC) 
Samples were separated according to molecular weight using HPPC on 
a 2 n 30 x 7.8 • 500 angstrom micro-styragel column (Water's Assoc.) using 
tetrahydrofuran (THF) as the mobile phase. Fractions of less than 1000 
daltons were collected and separated on HPRC. 
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B. GAS-LIQUID CHROMATOGRAPHY 
Analytical separations of methyl esters were performed on a Hewlett-
Packard 5830A gas chromatography equipped with a flame ionization detector 
and an integrator. A 6" x 2 mm glass column was packed with 10% SP-2340 
on 100/120 mesh Supelcoport (Supelco Co., Beliefonte, PA). The column 
was thermally programmed from 175 C to 230 C at a rate of 2 C/min. Initial 
and final hold-temperature times were 10 and 30 minutes respectively. 
The injection and detection temperatures were 250 C. Helium was used as 
a carrier gas at a flow rate of 15 ml/mm. Methyl esters were diluted in 
isooctane and 1-2 microliters of this solution containing 5-10 micrograms 
of material were injected with a 10 microliter Hamilton microsyringe (Ham-
ilton Co., Whittier, CA) 
C. GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS) 
Ester fractions collected from HPRC were further analysed by a 
GC-MS at the USDA Regional Research Center in Peoria, IL using a Packard 
Model 740 with a 6' x 1/8" stainless steel column packed with 3% OV-101, 
thermally programmed from 160 C to 270 C at a rate of 2 C/min. with an 
initial hold time of two minutes. Helium was used as a carrier gas at a 
flow rate of 20 ml/min. The gas chromatograph was attached with a valve 
connection to a mass spectrometer (Nuclide 12-90 double focusing magnetic 
scanning) set to scan every 9 sec. from m/e 33 to 610 at an ionization 
potential of 70 eV (Frankel et^  al., 1975) 
D. THIN LAYER CHROMATOGRAPHY 
Silica Gel G was mixed with distilled water at a ratio of 1:2 to 
form a slurry which is then spread onto glass plates (20 x 20 cm) at 
250 microns thickness. The plates were first air dried, then activated 
at 120 C for one hour. Samples to be chromatographed were diluted to a 
concentration 50 mg/ml in chloroform and then streaked onto the plate. 
The plates were developed in hexane:diethyl ehter:acetic acid (90:10:1 
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v/v). After developing, the solvent was allowed to evaporate from the 
plates. The plates were visualized by placing them in a chamber saturated 
with iodine vapor, and the fractions were scraped and collected. Analytical 
plates were visualized by spraying with 50% aqueous sulfuric acid saturated 
with potassium dichromate, followed by charring at 120°C for 15 minutes. 
II. PREPARATION OF SAMPLES 
A. HEATED OLIVE OIL 
Olive oil was used for frying potatoes in a commercial household 
fryer. French fries were fried every 30 minutes at 215°C for JO days, 
8 hours a day. Two hundred and fifty milliliters of fresh oil were 
added every day to replenish the absorbed oil. Samples of oil were 
collected at the end of each frying period and stored under nitrogen at 
-20°C. 
B. RAT LIVER LIPIDS 
Rat liver lipids were extracted from fresh rat liver by homogeni-
zation of the liver in chloroform with a Waring blender. Cholesteryl 
esters were separated from other lipids with preparative thin layer 
chromatography on silica gel (Mangold, 1967). 
C. PREPARATION OF METHYL ESTERS 
Samples were esterified by heating with a mixture of 2% sulfuric 
acid in absolute methanol for 4 hours under reflux conditions. The 
resulting methyl esters were diluted with water and extracted five times 
with ethyl ether. The ether layers were combined, washed three times 
with water, dried over sodium sulfate and evaporated to dryness under 
nitrogen atmosphere. 
The samples then were diluted in isooctane and analyzed with high 
performance liquid chromatography (HPRC and HPPC) and gas chromatography. 
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RESULTS AND DISCUSSION 
I. Triglycerides Separation 
A. System optimization 
Effect of mobile phase polarity: 
Mobile phase polarity has a dramatic effect on the separation of 
triglycerides by HPRC. This is the result of two main factors: 1) Com-
petition between the mobile phase and the triglycerides for the stationary 
phase, and 2) the increase or decrease in triglyceride solubility in the 
mobile phase which can enhance or retard their separation. 
The separation of coconut oil triglycerides on a Partisil ODS-2 
column is shown in figure 1, where the effect of an increase in the 
acetone content is clearly evident. The separation shown in figure la 
was achieved using 20% acetone and was satisfactory with baseline reso-
lution. Increasing the acetone content to 33.3% (figure lb) decreased 
not only the separation time but also the resolution, resulting m 
clustering of these triglycerides, preventing baseline separation. 
Further increasing the acetone content impairs resolution. The 
effect of a change in the acetone content on the capacity factor is 
shown in figure 2. The ratio of the mobile phase mixture of 1:2:3:4 
was shown as the optimum mixture. A decrease in the acetone content 
results in band broadening and increased k1 value to the extent that 
possible detection is impaired. The effect is more drastic on Partisil 
ODS-1 where the carbon coverage is 5% compared to a k' value of more 
than 6.0 on Partisil ODS-2 (figure 3), thus illustrating the effect of 
bonded phase content on the partitioning effect of such columns and 
the retention of triglycerides. 
A separation of coconut oil on the 150 mm Supelcosil LC-8 column 
with an octyl bonded phase using the same mixture of the multi-component 
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Figure l a : The effect of acetone content on the separation of coconut 
o i l t r ig lycer ides on a P a r t i s i l ODS-2 column. Mobile phase isopropyl 
a lcohol :acetone:methanol :acetoni t r i le 1:2:3:4. 
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F i g u r e lb: The effect of acetone content on the separat ion of coconut 
o i l t r ig lyce r ides on a P a r t i s i l ODS-2 column. Mobile phase isopropyl 
a l coho l : acetone: methanol: a c e t o n i t r i l e 1:4:3:4. 
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Figure 2: The effect of decreasing mobile phase po la r i ty on k' 
of t r ig lycer ides on P a r t i s i l ODS-2 using d i f fe ren t acetone ratios 
on various mobile phase mixtures of isopropyl alcohol:acetone:methanol: 
a c e t o n i t r i l e . 
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Figure 3: The effect of bonded alkyl content on triglyceride separa-
tion. 
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mobile phase but changing the acetone content is shown in figure 4. 
Using a mobile phase without addition of acetone gave a satisfactory 
baseline resolution (figure 4a) , which, however, required more than 16 
minutes for the complete separation. The addition of 20% acetone re-
sulted in decreasing the separation time with a satisfactory resolution 
(figure 4b) and sharper and more symmetrical peaks. The addition of 
more acetone, however, decreased the elution time but impaired the 
resolution of triglycerides. This inter-relationship is shown in 
figure 5 where the capacity factor vs the carbon number is plotted. 
Varying the acetone content in the mobile phase mixture of isopropyl 
alcohol:acetone:methanol:acetonitrile resulted in the noticeable change 
in the capacity factor of the triglycerides. It can be seen that the 
higher the triglyceride carbon content, the greater the change in k' 
values. From the data shown in figure 5, the optimum mobile phase compo-
sition appeared to be 1:2:3:4 which resulted in k' values between 0.3 
and 6.0 for triglycerides with a carbon content from 28 to 48 which 
makes it possible to separate triglycerides having a carbon content of 
more than 48 carbons in a reasonable time with an acceptable resolution. 
The separation of coconut oil triglycerides on a Zorbax ODS 
column using 20% acetone in the mobile phase mixture is shown in figure 
6a. While excellent separation was obtained, the peaks were assymetric 
and the k' values very large. However, the incorporation of 38.5% acetone 
in the mobile phase resulted m decreasing the spearation time from more 
than 32 minutes to less than 12 minutes (figure 6b). The bands were 
sharper and more symmetrical. 
Effect of the stationary particle size: 
A comparison of the effect of the difference in particle size on 
triglyceride separation is shown in figure 7. The results indicated 
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Figure 4: The e f f e c t of acetone content on the separation of coconut 
o i l triglycerides on a Supelco LC-8 column. Mobile phase, isopropyl 
alcoholiacetone:methanol:acetonitrile—(a) 1:0:3:4, (b) 1:2:3:4. 
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Figure 5: The effect of decreasing mobile phase polarity on trigly-
ceride separation using the octyl bonded phase column with a mixture 
of isopropyl alcohol:acetone:methanol:acetonitrile. 
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Figure 6: The effect of changing acetone content on the separation of coconut triglycerides using 
6 um-250 x 4.6 Zorbax ODS (DuPont) mobile phase, isopropyl alcohol:acetone:methanol:acetonitrile— 
(a)l:2:3:4, (b) 1:5:3:4. 
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Figure 9: The effect of decreasing mobile phase polarity on trigly-
ceride separation on the various columns tested. 
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that the 5u Supelcosil LC-18 column was the more efficient of the columns 
evaluated. Because of the smaller particle size of this packing, it was 
possible to use a smaller sample and improve resolution with decreased 
retention times compared with the columns with larger particle size. 
Effect of the stationary bonded alkyl chain: 
The effect of the alkyl chain bonded to silica on the separation 
of saturated triglycerides using a solvent mixture of IPA:Ac:M:Cn at a 
ratio of 1:1:3:4 (v/v) idealized for the octadecyl bonded columns is 
shown in figure 8. It can be seen that using only one carbon atom (CH~) 
as a stationary phase bonded to silica did not result in any appreciable 
separation of the different triglycerides with very close k' values. 
Bonding an octyl group resulted in increased separation with greater k' 
values ranging from 1.5 to 5.0. The bonding of a longer chain length 
(C-18) resulted in more separation of the triglycerides than both the 
LC-1 and LC-8 columns. This indicated that increasing the bonded chain 
length allowed more partitioning of the triglycerides within the stationary 
phase and in addition allowed the solubility of the triglyceride m the 
mobile phase to play an important part in the overall separation achieved. 
A comparison of the effect of increasing the acetone content on 
the triglyceride separation on the different columns investigated is 
shown in figure 9. A change in acetone content from 11.1% to 45% in 
the mobile phase mixture resulted in a decrease of the k' values on the 
Zorbax ODS column from 10 to 4.5. The Supelcosil LC-18 column showed a 
more gradual change, from 7 to 3; the decrease of k' values on the Partisil 
ODS-2 column was from 4.5 to 2 and from 3 to 1 on the Supelcosil LC-8. 
The effect of acetone on the k' values is smaller on Supelcosil LC-8 
which has an octyl chain bonded to silica followed by Partisil ODS-2 where 
the particle size is larger and the surface coverage is 15%. The effect 
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Figure 7: The effect of particle size on triglyceride separation. 
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Figure 8: The effect of bonded hydrocarbon chain length on the k' 
value of t r ig lyce r ides using a mobile phase mixture of isopropyl 
a lcohol :acetone:methanol :acetoni t r i le . 
37 
of acetone on the k ' values of t r ig lycer ides on Supelcosil LC-18 is 
more gradual than on Zorbax ODS. This is probably due to the difference 
in column length and part icle s i z e . These d a t a show c l e a r l y that dec reas -
ing the solvent polarity or t r i g l y c e r i d e s o l u b i l i t y by addi t ion of more 
acetone resulted i n a decrease i n the e l u t i o n time of t r i g lyce r ides 
which in turn was due to the combination of both s o l u b i l i t y and p a r t i t i o n 
e f f e c t s , as has been shown in f igures 1, 4 and 6. 
A se r i e s of experiments were carried o u t to determine the optimum 
solvent combination for each column under s t u d y . A summary of this da ta 
for comparison purposes is presented in f igu re 10. From the data shown 
in f igure 9 i t can be seen t h a t the optimum mobile phase i s different 
for each column packing depending on the p a r t i c l e s ize , the alkyl 
bonded chain, the surface coverage, etc. I t i s shown in f igure 8 
tha t there is a compatibility between a longer chain bonded to a larger 
p a r t i c l e s ize and a shorter c h a i n bonded to a smaller p a r t i c l e size ( P a r t -
i s i l ODS-2 vs. Supelcosil LC-8). Improved separat ion of saturated t r i -
g lycer ides was obtained with Supelcosi l LC-8 in a shorter time than with 
P a r t i s i l ODS-2 using the same mobile phase mixture . This was especial ly 
t rue for t r iglycerides with carbon numbers h igher than C38. 
B. C r i t i c a l pair triglyceride separation 
During the analysis and separa t ion of t r i g l y c e r i d e s , d i f f i c u l t i e s 
in obtaining superior resolut ion ar ise as a r e s u l t of the complex mix-
tures of varying triglyceride s t ruc tu re caused by varied acy l components 
One of these d i f f icul t ies is t h e formation of " c r i t i c a l p a i r s " which has 
made i t more diff icul t to s epa ra t e certain methyl esters from each other 
as well as their triglycerides on reverse phase chromatography using 5 u 
oc ty l or 10 u octadecyl bonded phases. C r i t i c a l pairs have been found to 
have close behavior on reverse phase chromatography in s p i t e of the di f -
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Figure 10: K' vs triglyceride carbon number obtained with the opti-
mum mobile phase found for each column evaluated. 
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ference i n chain l eng ths , number of double bonds, and geometrical 
configuration. C r i t i c a l pa i r s , therefore, have been defined as those 
s t r u c t u r e s with an equivalent carbon number (ECN). 
ECN = CN - 2n 
Where CN = Actual carbon number 
n = number of double bonds per molecule 
Thus o l e i c and pa lmi t i c acids are c r i t i c a l pa i r s because they have the 
same ECN (18 - 2 = 1 6 ) . Linoleic and myris t ic acids as well as l i no le i c 
and l a u r i c acids a r e therefore a l so c r i t i c a l pa i r s because they have an 
equivalent ECN of 14:0 and 12:0 respec t ive ly . 
Tr ig lycer ides a r e also c r i t i c a l pairs i f they have the same ECN. 
This inc ludes c r i t i c a l pairs which contain one or more c r i t i c a l acyl 
groups on the g lycero l such as t r i o l e i n (54:3) , palmityldiolein (52:2), 
oleyldipalmit in (50:1) and t r i pa lmi t i n a l l having the same ECN of 48:0 
(CN:n). The t r ig lycer ides S00 (54:2) and SOP (52:1) are c r i t i c a l pai rs 
with SPP (50:0). [The designation: S00, SOP, e t c . , does not imply the 
t r i g l y c e r i d e S00 but a mixture of a l l isomers: S00, 0S0 and 00S]. 
P o s i t i o n a l isomers of t r ig lycer ides are a lso c r i t i c a l pa i r s because 
they h a v e the same a c y l groups but differ in the posi t ion of these acyl 
groups. Triglycerides containing geometrical isomers a lso form c r i t i c a l 
pairs; they differ only in the configuration of the double bond whether 
cis or t r a n s . Oleic and e la id ic acids can therefore be considered c r i t i c a l 
pairs because they have the same ECN, although ole ic acid has a cis double 
bond w h i l e elaidic ac id has the t rans configuration. This separation of 
c r i t i c a l pairs r equ i r e s optimization of mobile phase composition and 
highly e f f ic ien t s t a t ionary phases that have enough theo re t i ca l plates 
to r e s o l v e such c r i t i c a l pairs i n to thei r individual components. 
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The separat ion of t r i g lyce r ide c r i t i c a l pa i rs was accomplished 
employing a mobile phase mixture of ace tone :ace ton i t r i l e at a r a t io of 
63.6:36.4 ( v / v ) . A homologous ser ies of saturated triglycerides were 
well resolved with both Supelcosil LC-18 (figure 11a) and Zorbax UDS 
(f igure l ib) columns. Baseline resolution of the c r i t i c a l pairs of t r i -
glycerides with ECN of 48:0 and 50:0 was also achieved in the same chrom-
atogram under i s o c r a t i c condi t ions . A good resolut ion of the t r ig lyce r ide 
c r i t i c a l pairs of 000 (54:3) , POP (50:1) and PPP (48:0) is shown i n 
f igure 1 as wel l as the separat ion of SOU (54:2) , SOP (52:1) and SPP 
(50:0) . The separation of t r ig lyce r ides up to SSO (54:1) required l e s s 
than 60 minutes on a Supelcosil LC-18 column; lower k' values and sharper 
bands were obtained with the l a t t e r column. The relationship between the 
capacity factor k ' vs . the carbon number of the saturated t r ig lycer ides 
separated on both columns i s shown in figure 12. The data obtained i n d i -
cated that the e lu t ion of SSS (54:0) from the Zorbax column would r e q u i r e 
more than 30 k ' values and about 20 k' on the Supelcosil LC-18 column. 
Triglycerides prepared from geometrical isomers have also been 
resolved. T r io l e in (54:3ccc) was separated from t r i e l a i d m (54:3 t t t ) 
on both the Supelcosi l LC-18 (figure 13a) and Zorbax ODS (figure 13b) 
columns. A comparison of the c r i t i c a l pair behavior of the t r i g lyce r ides 
with ECN of 48:0 in these separat ions shows that EEE (54:3ttt) has t h e 
same k ' value as POP (50:1) indicat ing that using th i s system, three 
t r ans double bonds are equivalent to one c i s double bond. 
C. Applications of high performance reversed-phase chromatography t o the 
analysis of f a t s and o i l s : 
The value of HPRC in t r i g lyce r ide separations can be clearly 
demonstrated in the analysis of natural fa ts and o i l s by this new t e c h -
nique. 1) Olive o i l : Olive o i l contains 64.8% oleic acid (0), 18.9% 
l i n o l e i c acid (L) , 10.5% palmi t ic acid (P), 3% s t ea r i c acid (S), 1.1% 
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Figure 11a: Separation of triglyceride standards on 250x4.6 mm Supel-
cosil LC-18 using acetone:acetonitrile (63.6:36.4 (v/v)), as a mobile 
phase at a flow rate of 1.0 ml/min. Triglycerides: (1) LaLaLa (C36:0), 
(2) Tridecanoin (39:0), (3) MMM (42:0), (5) Tripentadecanom (45:0), 
(6) Triolein (54:3), (7) POP (50:1), (8) PPP (48:0), (9) S00 (54:2), 
(10) SPO (52:1), (11) SPP (50:0) and (12) SOS (54:1). 
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Figure lib: Separation of triglyceride standards on 250x4.6 mm Zorbax 
ODS column using acetone:acetonitrile (63.6:36.4 (v/v)) as a mobile 
phase at a flow rate of 1.0 ml/min. Triglycerides: (1) LaLaLa, (2) 
Tridecanoin, (3) MMM, (5) Tripentadecanoin (6) Triolein, (7) POP, 
(8) PPP, (9) S00, (10) SPO. 
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Figure 12: Carbon number of saturated t r i g lyce r i de s versus t h e i r 
capacity factor k ' on Supelcosi l LC-18 (S) and Zorbax ODS' (Z) . 
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Figure 13: Separation of cis-trans t r i g l y c e r i d e isomers: (A) on Supel-
cos i l LC-18; (B) on Zorbax ODS'. 
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palmitoleic acid (Po), and 1.0% lmolenic acid (L). If positional iso-
mers are ignored, 56 distinct triglyceride combinations are possible. 
However, only those 19 triglycerides containing one or more acyl con-
stituents are expected to occur in any quantity and only 9 triglycerides 
can be present in an appreciable amount (Table 1). When olive oil was 
analysed using a column packed with 5 p hydrocarbon chain bonded material 
and acetone:acetonitrile (63.6:36.4) as the mobile phase, major peaks 
corresponding to ECN of C44:0, C46:0, C48:0 and C50:0 and minor peaks 
with an ECN of C42:0 and C52:0 appeared in the chromatogram (figure 14a). 
It is apparent from Table 1 that each major peak in figure 14a contains 
more than one distinct triglyceride. The use of a longer bonded alkyl 
chain length from octyl (C8) to octadecyl (C18) and an increase in the 
theoretical plates by increasing the column length from 150 mm to 250 mm 
greatly increases the number of triglycerides in the chromatogram as a 
result of the separation of triglyceride critical pairs. The improved 
resolution of olive oil triglycerides and the resolution of critical 
pairs is shown in figure 14b. 
Using the octadecyl stationary phase, the triglycerides with an 
ECN of C44:0 in figure 14a have been resolved into 2 distinct peaks 
subsequently identified as LLO (54:5) and LLP (52:4) by analysing the 
methyl esters of these fractions (Table 2). Similarly, the triglycerides 
with an ECN of C46:0 have been separated into LUU (54:4) and PLO (52:3). 
Three triglycerides have resulted from the peak with an ECN of C48:0. 
These are 000 (54:3), POO (52:2), and PUP (50:1). SOL (54:3) was not 
resolved from triolein (54:3) because both have the same number of 
carbons and number of double bonds as well as the trace amount of SOL 
present in olive oil. S00 (54:2) and POS (52:1) have been completely 
resolved into two peaks. The last is found to be SOS (54:1). 
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TABLE 1 
THE MAJOR AND MINOR TRIGLYCERIDES PRESENT IN OLIVE OIL 
BASED ON THEIR METHYL ESTER COMPONENTS 
T r i g l y c e r i d e ECN CN:n 
LeOL 
PoOLe 
LOL3 
LeOO 
PoOL 
POLe 
LOO3 
SOLe 
PLO3 
PoOO 
POPo 
OOO3 
SOL 
POO3 
SOPo 
POP3 
SOO3 
SOP3 
SOS3 
42:0 
42:0 
44:0 
44:0 
44:0 
44:0 
46:0 
46:0 
46:0 
46:0 
46:0 
48:0 
48:0 
48:0 
48:0 
48:0 
50:0 
50:0 
52:0 
54 
52 
54 
54 
52 
52 
54 
54 
52 
52 
50 
54 
54 
52 
52 
50 
54: 
52: 
54: 
:6 
:5 
:5 
:5 
:4 
•A 
4 
4 
3 
3 
2 
3 
3 
2 
2 
1 
2 
1 
1 
"Equivalent Carbon Number 
'Carbon Number:number of d o u b l e bonds 
A major t r i g l y c e r i d e 
47 
(b) 
5 
(a) 
15 & "E ^ b 
TIME(mm) 
Figure 14 : Separation of o l i v e o i l t r i g l y c e r i d e s v i a HPRC on a ) S u p e l c o s i l 
LC-8 and b)Supelcosi l LC-18 . T r i g l y c e r i d e s p r e s e n t are 1) LOL, 2) LOO, 
3) PLO, 4) PLP, 5) 000, 6) POO, 7) POP, 8) SOO, 9 ) SOP and 10) SOS. 
TABLE 2 
MAJOR TRIGLYCERIDES OF OLIVE OIL AS DETERMINED BY HPRC 
F r a c t i o n T r i g l y c e r i d e ECN CN:n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
LOL 
LOO 
PoOO, 
PoOP, 
OOO 
POO 
POP 
SOO 
SOP 
SOS 
44:0 
46:0 
46:0 
46:0 
48:0 
48:0 
48:0 
50:0 
50:0 
52:0 
54:5 
54:4 
52 :3 
50:2 
54:3 
52:2 
50 :1 
54:2 
5 2 : 1 
54 :1 
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From the order of e lu t ion of olive o i l t r ig lyce r ides , the standard 
t r i g l y c e r i d e s , and from Table 2 , i t i s apparent that in this system, the 
t r ig lyce r ides with the lowest ECN elutes ahead of the t r ig lycer ides 
with the higher ECN, with t h e t r ig lycer ides having the highest number 
of double bonds eluting ahead of other c r i t i c a l pai rs with lower number 
of double bonds within the same t r ig lycer ides , with the same ECN catetory. 
In the separation of t r i g lyce r ides on 5 u octadecyl bonded s tat ionary 
phase, i t i s apparent that i n th i s system the addition of double bonds 
has somewhat greater effect than does shortening an acyl chain by two 
carbon atoms. And it seems t h a t this i s the mam reason behind the 
ab i l i t y of t h i s system to sepa ra te c r i t i c a l pair t r i g l y c e r i d e s . Uti l iz ing 
conventional chromatography, o l ive o i l would have to be separated into 
s ix f ract ions using argentat ion chromatography (from saturated to pentaenes) 
or into f ive main fractions wi th ECN of 44:0, 46:0, 48:0, 50:0 and 52:0 
by reverse phase chromatography. 
Separation of olive o i l on two Supelcosil LC-18 columns resul ted in 
be t t e r reso lu t ion than one column. However, a change in the mobile 
phase was necessary to compensate for time. This was accomplished by 
the addit ion of tetrahydrofuran (THF) as the modifying solvent in the 
mobile phase which resulted m bet ter resolut ion without doubling the 
elution time. The use of Supelcosi l LC-18 columns equivalent to 90 cm 
required more modifier (THF) than using 50 cm. Olive o i l separation on 
the 25 cm bed resulted in 11 TG bands with 1 and la with ECN of 44:0, 2, 
3 and 4 with an ECN of 46:0, 5 , 6 and 7 with an ECN of 48:0, 8 and 9 
with an ECN of 50:0 and 10 w i th an ECN of 52:0. The use of two columns 
with a t o t a l length of 50 cm indicated the presence of more components 
than showed by the use of one column (f igure 15). P a r t i a l resolut ion of 
four bands in the area with an ECN of 44:0 and five bands in the area of 
ECN of 46:0 has been clearly accomplished by the use of a longer bed. 
TABLE 3 
FATTY ACID COMPOSITION OF OLIVE OIL TRIGLYCERIDE 
FRACTIONS SEPARATED VIA HPRC 
FA/Fraction 
16:0 
16:1 
18:0 
18:1 
18:2 
18:3 
0.5 
2.3 
trace 
37.9 
57.6 
1.6 
0.6 
1.5 
trace 
66.4 
31.4 
-
24.9 
4.3 
0.6 
40.6 
29.5 
trace 
3.5 
-
trace 
89.8 
5.8 
0.5 
24.7 
-
1.8 
71.5 
2.0 
-
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Figure 15: Separation of o l ive o i l using two 250 x 4.6 mm Supelcosil 
LC-18 columns. Mobile phase: acetonitri le:acetone:THF (25:16:9 v / v ) . 
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Figure 16: Separation of ol ive o i l on HPRC using three 250x4.6 ram 
columns. 
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Better resolution of these components has been achieved by the use of 
columns with a total length of 90 cm with a baseline separation (figure 
16). Fractions in the areas of ECN 48:0 or higher did not increase in 
number but greater resolution was achieved with the use of longer 
stationary bed. 
Soybean oil analysis (figure 17) revealed the presence of (1) LLLe 
(54:7), (2) LLL (54:6), (3) LOL (54:5), (4) PLL (52:4), (5) LOO (54:4) 
and (6) PLO (52:3). Trilinoeylglycerol is the major triacylglycerol 
with minor TGs 52:5 which may be LLPo or LLeP and 50:4 which could be 
LLM as both show as shoulder bands on LLL. Other minor components could 
not be identified due to the presence of other interfering compounds. 
The use of two columns revealed the presence of more components than 
shown with the use of one column (figure 18). Partial resolution of 
bands shows that there are four components instead of two as shown using 
one column with ECN of 42:0 and four components with ECN of 44:0 instead 
of two. Four components with an ECN of 46:0 instead of three and five 
components with an ECN of 48:0 instead of three. The use of columns 
equivalent to 90 cm showed that fraction 1 with ECN of 40:0 is more than 
one component (figure 19). TG& with an ECN of 42:0 have been shown to 
contain five peaks instead of one and better resolution of TGs with ECN 
of 44:0, 46:0 and 48:0 has been accomplished. 
Analysis of corn oil by HPRC (figure 20) Indicated that trilinolein 
is the major triglyceride present (peak 1). The triglycerides of corn 
oil showed the same pattern as those of soybean oil, but a close look at 
both oils reveal some minor but significant differences. Soybean oil 
contains traces of 54:8 (LeLLe) which is not present in corn oil. 
The use of more than one column (figure 21) reveals more differences 
between soybean oil and corn oil. This is evident in peaks with ECN of 
54 
L 
i 
0 
S 
2 
Mill 
• b 
3 
U 
4 
> 1
 u 
L5 
6 i i 
a 
1 -7-
J *J 
1 1 ft 
l l j ' f 
1 1 
0 2 4 6 
Min 
8 life 
10 20 30 40 
TIME (mm) 
Figure 1 7 : Separat ions of soybean o i l t r i g l y c e r i d e s v i a HPRC on 
a) S u p e l c o s i l LC-8 and b) S u p e l c o s i l LC-18. T r i g l y c e r i d e s a r e 
1) LLLe, 2) LLL, 3) LOL, 4) LLP, 5) LOO, 6) PLO, 7) LPP, 8) SOL, 
9) SPL, 10) SOM and 11) SSL. 
LLI 
CO 
O 
Q-
CO 
LU 
2a 
2b 
W-A 
) 
0 20 40 60 
TIME(min) 
Figure 18: Separation of soybean oil via HPRC using two 250 x 4.6 mm 
Supelcosil LC-18 columns and acetonitrile:acetoneiTHF (25:16:9 v/v) as 
a mobile phase at a flow rate of 1.0 ml/min. 
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Figure 19: Separation of soybean oil via HPRC using 3 x 250 x 4.6 mm 
Supelcosil LC-18. 
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Figure 20: Separation of corn oil via HPRC on Supelcosil LC-18. Tri-
glycerides are 1) LLL, 2) LOL, 3) LLP, 4) LOO, 5) PLO, 6) SOL, 7) SPL 
and 8) unidentified. 
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Figure 21: Separation of corn oil using two 250 x 4.6 mm Supelcosil 
LC-18, and a mobile phase of acetone:acetonitrile (63.6:36.4 v/v) at 
a flow rate of 1.0 ml/min. 
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42:0, which is shown to be one component by using one, two or five 
columns in corn oil, while it showed more than one component in soybean 
oil. Corn oil contained only two peaks with ECN of 44:0 while soybean 
oil showed the presence of four peaks. 
The analysis of palm oil is shown in figure 22 and indicates that 
POP is the major triglyceride. Palm oil triglycerides are (1) LOO 
shown as a minor peak ahead of (2) PLO which is the major triglyceride 
in the ECN 46:0 group, (3) PLP, (4) MOP, (5) 000, (6) POO, (7) POP, (8) 
PPP, (9) SOO, (10) SOP and (11) SPP. 
The use of two columns for the separation of palm oil triglycerides 
(figure 23) revealed the presence of five TGs with ECN of 46:0 instead 
of the three revealed by the use of one, and better resolution was 
accomplished in TGs with ECN of 48:0 or more. No more components were 
revealed by the use of 4 columns although the improved resolution was 
accomplished. 
Bases of triglyceride separation by HPRC 
The theoretical carbon number (TCN) of any triglyceride can be 
determined from a plot of k' vs carbon number of the corresponding 
saturated triglycerides by extrapolation from a known k* value (Table 
4). Thus, for any saturated triglyceride the TCN is equal to the actual 
carbon number. 
The theoretical carbon number can also be calculated from the 
following formula: 
TCN = ECN - (ZlJU^ ,) 
Where TCN = Theoret ical carbon number 
ECN = Equivalent carbon number 
U. = a factor determined experimentally for several f a t t y acids 
and was found to be: 0.6 - 0.65 for o l e y l , 0.7 - 0.8 for 
l i n o l e y l , 0.2 for e l a i d y l acyl groups and 0.0 for saturated 
acyl groups. 
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Figure 22: S e p a r a t i o n of palm o i l on S u p e l c o s i l LC-18 column. 
T r i g l y c e r i d e s p r e s e n t i n palm o i l a r e 1) LOO, 2) PLO, 3) PPL, 
4) MOP, 5) OOO+SOL, 6) POO, 7) POP, 8 ) PPP, 9) SOO, 10) SPO and 
11) SPP. 
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Figure 23: Separation of palm o i l via HPRC us ing two 250x4.6 mm 
Supelcosi l LC-18 columns. 
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TABLE 4 
THE THEORETICAL CARBON NUMBER OF UNSATURATED 
TRIGLYCERIDES DEDUCED FROM k ' VERSUS CARBON NUMBER 
OF SATURATED TRIGLYCERIDES STANDARDS CURVE 
T r i g l y c e r i d e CN:n ECN TCN 
LLL 
MOM 
PPL 
OOO 
POO 
POP 
EEE 
SOO 
SPO 
SSO 
54:6 
46:1 
50:2 
54:3 
52:2 
50:1 
54:3 
54:2 
52:1 
54:1 
42:0 
44:0 
46:0 
48:0 
48:0 
48:0 
48:0 
50:0 
50:0 
52:0 
39.6 
43.4 
45.2 
46.2 
46.8 
47.4 
47.4 
48.8 
49.4 
51.4 
Theore t i c a l Carbon Number 
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3 
EjU, = the total U. of individual fatty acids present in the 
triglyceride, for example, the TCN of POL = 46.0-[0 (for 
palmityl) +0.6 (for oleyl) +0.7 (for linoleyl)] = 
46.0-1.3 = 44.7 
During the analysis of triglyceride mixtures it is possible to 
identify triglycerides by their ECN, or their carbon number and double 
bonds. In addition, it is feasible to identify their acyl components 
as well from their k' and TCN. For example, if a triglyceride peak has 
3 
a TCN of 44.8 and ECN of 46.0 respectively, then: E:U = 46.0-44.8 = 
3 
1.2. The combination of fatty acids in a triglyceride with I^U. of 1.2 
would be two oleic, and one myristic acid. Thus, the most probable tri-
glyceride with a TCN of 44.8 and ECN of 46.0 would be MOO (0+0.6+0.6). 
This calculation also allows one to predict the feasibility of 
separating two components such as 000 and OSL which have the same carbon 
number and number of double bonds [TCN of SOL = ECN-US+UQ+UL) = 48.0-
(0+0.6+0.7) = 46.7 and therefore, 000 = 48.0-(1.8) = 46.2]. The differ-
ences between the TCN of 000 and SOL indicate that there is a possibility 
of separating these two critical pairs. However, this difference can 
decrease or increase depending on the solvent system used as the mobile 
phase and the triglyceride mixture analyzed, since the TCN of the same 
triglycerides would differ slightly if they were present In a complex 
mixture due to mutual solubility and affinity factors. 
The results of the present study suggest a possible pattern of 
triglyceride separation by high efficiency reversed phase chromatography. 
The separation of a triglyceride mixture by a high efficiency octyl 
bonded reversed phase column is by equivalent carbon number. The same 
mixture is separated by molecular weight or carbon number when gas liquid 
chromatography is used and according to the number of double bonds in each 
triglyceride by argentation thin layer chromatography. The equivalent 
carbon number or carbon number and degree of unsaturation for triglycerides 
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obtained in this way can be correlated with ECN by means of a "triglyceride 
separation triangle" (Fig. 24). The same mixture of triglycerides when 
separated on an octadecyl bonded column with non-aqueous mobile phase 
appears to follow a combination of the reverse phase mode of separation 
and that obtained by gas liquid and argentation chromatography. The 
order of elution from the octadecyl bonded phase column is reversed during 
liquid chromatography on the bonded phase with non-aqueous solvents 
compared to the other modes of separation mentioned above (Fig. 25) and 
the triglycerides present in the mixture are separated according to their 
carbon number and total unsaturation. In the present study the resolution 
of critical pairs was found to be linear with their equivalent carbon 
number (ECN). The results indicated that the lower the ECN, the smaLler 
the k' difference and therefore the more difficult the separation. 
A simple hypothesis for the mechanism of critical pairs separation 
on very high efficiency octadecyl bonded columns can be suggested and illu-
strate the potential of this technique in lipid analysis and separation. 
Critical pairs of triglycerides travel together through the bonded 
column because of their similar characteristics on reverse phase packings 
(assuming no treatment of the mobile phase to enhance the elution of one 
triglyceride over another). Upon contact and interaction with the long 
chain hydrocarbon stationary phase, and among the triglycerides with the 
same ECN, the triglycerides containing the more saturated acyl groups will 
tend to travel more slowly due to their higher affinity with the stationary 
phase. Those triglycerides with more unsaturated acyl groups will have a 
shorter relative residence time due to a decreased affinity with the sta-
tionary phase. This can be more clearly illustrated in the case of methyl 
oleate and methyl palmitate. These esters will not separate easily on a 
5 u octyl bonded phase. With an octadecyl bonded phase with small particle 
360 38 0 40 0 42 0 44J0 46 0 48 0 
EQUIVALENT CARBON NUMBER(ECN) 
500 520 540 
Figure 24: A theoretical separation pattern of triglycerides on HPRC. 
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s ize packing, oleate w i l l have a shorter residence time than palmitate 
which in turn resul ts in a shorter retention time and thus w i l l elute 
fas te r . This p re fe ren t ia l re tent ion of palmitate by the packing i s because 
the saturated hydrocarbon chain of methyl palmitate (Fig. 26a) w i l l be more 
compatible with the saturated bonded hydrocarbon chain than the oleate 
chain due to the presence of the double bond which tends to decrease the 
a t t r ac t ion between the two chains (Figs. 26b,c). Thus, carbons 9 and 10 
on both chains (Fig. 26b) or carbon number 10 on the oleate chain and 
carbon 18 on the octadecyl chain (Fig. 26c) wil l not have the same a t t r a c -
t ion as the other carbon atoms in both chains do. This r e su l t s in decreas-
ing the r e l a t i v e residence time by the equivalent of two uni ts from 18 
to 16 un i t s , with the end resul t tha t at this po in t palmitate and oleate 
have the same re la t ive residence time of 16. This i s equal to the carbon 
number of palmitate and thus both methyl esters w i l l not separate at this 
point . However, the repulsion between the hydrocarbon s ta t ionary phase 
and the o lea te chain increases as the result of t h e presence of the double 
bond, with the resul t t h a t the dis tance between carbons 8 and 11 on both 
chains (Fig. 26b) and between carbons 8, 9, 11 and 12 on the o l ea t e chain; 
and 8, 9, 10 and 11 on the hydrocarbon chain of t h e stationary phase (Fig. 26c) 
w i l l increase resul t ing in a looser attraction of these carbons, and thus 
shorter r e l a t i v e residence times than 16. If we assume that the re la t ive 
re tent ion time of palmitate is 16 and that the repuls ion caused by the double 
bond is 2, and the further decrease in at traction as a result of a l l other 
carbons i s U0 (for o l e a t e ) , then the oleate r e l a t i v e residence time will be : 
[ (# of carbon atoms)-(carbon equivalent of c=c)-U0] =18-2-0.6=15.4 (II) 
Where UQ i s the sum of the effect of polar i ty of the double bond and 
the decrease in the a f f in i ty of the adjacent carbons to their counter-parts 
B 
G-O-J 
Si-0 
Figure 26: The possible mechanism of triglyceride retention on HPRC. (a) Palmitate. 
(B&C) oleate. G: glyceiride. Si: Silica gel base. 
cr* 
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in the bonded stationary phase. If the relative residence time of the 
triglycerides on the column packing is defined as TCN, we find that this 
equation is the same as the equation I which was deduced experimentally. 
Other decreases in the relative residence time for other molecules can also 
be explained. The value of U0 will decrease with the number of double 
bonds per molecule or decrease its chain length. 
Incorporation of oleate and palmitate as different combinations in 
triglycerides would result in the formation of different critical pairs 
that can be separated from each other according to this mechanism. Thus, 
if we assume that a triglyceride mixture formed from only oleic and palm-
itic acids is composed of 000, POp, POP and PPP; then by calculation of 
the TCN we can determine if it may be possible to separate them. 
TCN of 000 = (18-2-0.6) x 3 = 46.2 
TCN of POO = (18-2-0.6) x 2 + 16 = 46.8 
TCN of POP = (18-2-0.6) + 16 + 16 = 47.4 
TCN of PPP = 16 + 16 + 16 = 48.0 
It is evident that the precise identification of the acyl groups in 
a triglyceride molecule with a lower ECN is more difficult than those 
with higher ECN where the difference of TCN is larger because of the 
close relative residence time of the group. This problem can be solved 
by using more efficient packings, longer columns and optimum mobile phase 
composition. 
II. Cholesterol and Cholesteryl Esters Separation 
The separation of cholesterol and a standard mixture of cholesteryl 
esters was carried out in this study using one or two LC-18 columns in 
series (Figure 27a,b). A difference of only one methylene group was 
required for a complete resolution of components. This is evident in 
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Figure 27a: Separation of cholesterol and cholesteryl ester standards. 
Column: two, 280x4.6 mm Supelcosil LC-18. Mobile phase: acetonitrate: 
methanol:chloroform (1:1:1 v/v) at 1.0 ml/min. S: solvent; 1: chole-
sterol; 2: C-acetate; 3: C-propionate; 4: C-butyrate; 5: C-hepanoate; 
6: C-nonanoate; 7: C-decanoate; 8: C-linolenate; 9: C-laurate; 10: 
C-linoleate; 11: C-myristate; 12: C-oleate; 13: C-elaidate; 14: C-
palmitate; 15: C-eicosenoate; 16: C-stearate. 
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Figure 27b: Separation of choles terol and cholesteryl e s t e r standards 
via HPRC using one 250 x 4.6 mm Supelcosil LC-18 column. 1-Cholesterol, 
2-C. Acetate , 3-C. Propionate, 4-C. Butyrate, 6-C. Nonanoate, 7-C, Deca-
noate, 8-C. Arachidonate, 9-C. Laurate, 10-C. Linoleate , 12-C. Oleate, 
13-C. E la ida te , 14-C. Palmita te , 16-C. S t ea r a t e . 
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the separation of cholesteryl a c e t a t e , cholesteryl propionate and 
choles teryl butyrate from each other as well as the separation of 
choles teryl nonanoate from choles tery l decanoate. Baseline resolut ion 
of c r i t i c a l pa i r s was also achieved. These compounds are as follows: 
choles teryl palmitate-cholesteryl o l ea t e , cholesteryl myristate-cholesteryl 
l i no lea t e and cholesteryl laura te-choles teryl l i no lena te . The geometrical 
isomers choles teryl o lea te and e l a i d a t e were pa r t i a l l y resolved from 
each other. The efficiency of separat ion was dependent on sample size 
and whether one or two columns were used. 
The separation of the choles teryl esters of the low density l i po -
pro te in f rac t ion of human plasma l ipoprote in is shown in figure 28. 
The fat ty acids e s t e r i f i ed to choles te ro l consist of arachidonic, l i n o l e i c , 
o l e i c , and palmitic acid . The i d e n t i c a l pattern was found for the other 
common l ipoprotein fract ion — very low density, and high density l ipo-
p ro te ins . The s imi la r i ty of pa t t e rns observed may have occurred as a 
r e s u l t of using a pooled blood sample. I t should be possible to observe 
s igni f icant differences in examination of each of the l ipoprotein frac-
t ions from individual ly drawn samples. 
The separation of r a t l iver l i p i d i s shown in f igure 29. I t i s 
c l ea r that free cholesterol i s e a s i l y resolved but the presence of t r i -
glycerides in te r fe res with the spearat ion of cholesteryl e s t e r s . For 
ins tance , peak number 5 appears to be a mixture of cholesteryl arachidonate 
and the t r ig lyce r ide composed of pa lmi t ic , l inoleic and oleic acid (PLO); 
peak 7 i s a mixture of cholesteryl l ino lea te and POO. Other i den t i f i ca -
t ions are l i s t e d in the figure legend. When rat l i v e r cholesteryl es ters 
were isolated via thin layer chromatography and analyzed via HPRC the 
chromatogram obtained in figure 30 was obtained, As indicated on the 
chromatogram, choles teryl es ters of archidonic, l i n o l e i c , o le ic , palmitic 
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Figure 28: Separation of the cholesteryl e s t e r s of low density l i po -
proteins of human plasma. 
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F i g u r e 29: S e p a r a t i o n of r a t l i v e r l i p i d v i a HPRC us ing two S u p e l c o s i l 
LC-18 columns and a mobi le phase m i x t u r e of a c e t o n i t r i l e : m e t h a n o l : c h l o r o -
fo rm (1 :1 :1 v / v ) a t a f low r a t e of 1 .0 ml/min. 1) Unknown, 2) LeOL, 
3) LePL, 4) LOL, 5) PLO + C. A r a c h i d o n a t e , 6) SOL + 000, 7) POO + C. 
L i n o l e a t e , 8) SOO + C O l e a t e , 9) SPO + C. P a l m i t a t e , 10) SPP, 11) SOS, 
1 2 ) C. S t e a r a t e . 
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Figure 30: Separation of r a t l ive r cholesteryl esters on Supelcosil 
LC-18 using chloroform:methanol:acetonitrile (1:1:1 v/v) as a mobile 
phase. 1) C. Arachidonate, 2) C. Linoleate, 3) C. Oleate, 4) C. Palmi-
t a t e and 5) C. Stearate . 
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and stearic acids are present. Furthermore, it is evident that the sample 
was somewhat oxidized from the cluster of components eluting at the column 
front at about 10 minutes. In our experience auto-oxidative products typi-
cally elute in this region when there are substantial amounts of polar mat-
erial present, suggesting a technique to both isolate and evaluate these 
materials. 
A linear relationship is obtained when the carbon number of the satur-
ated acyl substituents on the cholesterol vs. their capacity factor k' (Fig. 
31) relationship. However, this relationship for unsaturated acyl substitu-
ents is non-linear. Cholesterol did not elute with a k' of a cholesteryl 
ester with a zero carbon number but rather at a place where a cholesteryl 
ester with -2.5 carbons esterified to cholesterol. This large shift is 
apparently the result of the presence of the hydroxyl group on the cholesterol 
moiety and the methanol in the mobile phase mixture resulting in a shorter 
residence time of cholesterol on the column. This indicates that the pres-
ence of a hydroxyl group in any cholesteryl ester such as that of a hydroxy 
acid would disrupt the elution pattern of a homologous series of esters. 
This is true for methyl esters, and triglycerides as well. Thus a chole-
steryl ester with a hydroxy stearic acid will elute not only before chole-
steryl stearate but also before cholesteryl palmitate. 
A predictable pattern for the separation of cholesteryl esters (Fig. 
32) was found to follow that observed for triglycerides and methyl esters 
(El-Hamdy and Perkins, 1981) where the elution sequence starts with the 
highest carbon number components with greatest degree of unsaturation and 
terminates with the lowest saturated partner that has the same carbon 
number as the equivalent carbon number of the series. Thus, cholesteryl 
arachidonate will elute before cholesteryl linolenate. The last cholesteryl 
ester to be eluted would be cholesteryl laurate (Fig. 32) which has the same 
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Figure 31: Effect of fa t ty acid carbon number on the capacity value KV 
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carbon number as the equivalent carbon number of the group. The chole-
s t e ry l e s t e r containing a trans fatty a c i d , i . e . e l a i d a t e , wi l l have a 
longer residence time than its cis counterpar t . However, the resolut ion 
of c i s - t r ans e s t e r s would also be a f f ec t ed by the composition of the mobile 
phase and the efficiency of the s t a t i ona ry phases. A more uniform elution 
pat tern has been observed using acetoni t r i le :chloroform (2:1) as the mobile 
phase but the resolut ion of the choles te ry l esters wi th low equivalent 
carbon numbers was drast ical ly impaired. The addi t ion of methanol to the 
mobile phase improved the resolution b u t disrupted t h e re la t ive residence 
time sequence. 
I I I . Analysis of Heated Olive Oil and Its E s t e r s by HPLC 
Heating ol ive o i l a t 2O0°C for 80 hours in te rmi t ten t ly has been 
shown to be detrimental to the physico chemical cha rac t e r i s t i c s of the o i l 
(El-Hamdy, 1979). The use of conventional gel permeation chromatography 
has resul ted in the separation of the oxidized oi l i n t o fractions according 
to the i r molecular weight (El-Hamdyi 1979) . That method, although more 
su i tab le for preparat ive work, is t ed ious and time-consuming. The use of 
high performance gel-permeation chromatography, (HPPC) (Fig. 33) , has re-
sulted in the separation of heated o l i v e o i l into t h r e e main f ract ions 
(Table 5 ) ; namely, unchanged t r iglycer ides with a molecular weight of less 
than 1000 daltons which constituted 55.0% of the o i l , dimeric t r ig lycer ides 
with molecular weight average of 1650 da l tons which const i tuted 30.4% of 
the o i l , and a polymeric component with a molecular weight average of 2300 
daltons that made up the other 14.6% of the o i l . This method required less 
than 20 minutes which makes it a su i t ab le technique f o r quality control . A 
comparison between heated and unheated o l i v e oil i s made in Figs. 33a and b . 
A trace of oxidative dimeric t r iglycerides has been detected in unheated 
ol ive o i l which could be the result of auto-oxidation processes. 
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Figure 33: High performance gel permeation chromatography of unheated 
(A) and heated (B) ol ive o i l on two 30 x 7.8 ram columns packed with 
uStyragel 500A using tetrahydrofuran as a mobile phase a t a flow r a t e 
of 1.0 ml/min. 
TABLE 5 
NONVOLATILE COMPONENTS of UNHEATED and 
HEATED OLIVE OIL 
Triglycerides Unheated Heated Mol wt 
% wt. % wt. 
Unchanged 99.8 55.0 <1000 
Dimers 0.2 30.4 ~1640 
Polymers - 14.6 ~2300 
Methyl Esters Unhe ed Heated Mol wt 
% w .. % wt. 
Unchanged 100.0 75.8 <300 
Polymers - 24.2 >550 
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Another technique of comparing heated and unheated olive oil is the 
use of high performance reverse phase chromatography in the determination 
of triglyceride changes that occur during heating (Fig. 34). The differ-
ence is obvious in the 10 minute area where all the polar components 
elute. We can see that peak I increased dramatically. However, a closer 
look at the triglycerides PoPO, PLO, 000 and POO shows the change in tri-
glyceride content. From Table 6 we can see that these triglycerides 
have decreased considerably with LOO decreasing from 18.0% in unheated 
olive oil to 7.0% in heated olive oil, PLO decreasing from 13.5% to 5.8%, 
000 decreasing from 35.2% to 21.6%, and POO dropping from 24.4% to 20.3%. 
Based on the unchanged triglyceride fraction, the percentages of these tri-
glycerides in heated and unheated olive oil have changed drastically with 
decrease in the triglycerides containing linoleate LOO and PLO which could 
be due to the elaidization and/or destruction of double bonds through 
cyclization or oxidation. Fractions 5 and 6, which contain triolein and 
palmitodiolem showed a marked increase. This, however, is not due to 
the increase in 000 or POO but is due to the decrease in unsaturation of 
LOO and PLO as well as trans formation which increases the newly formed 
triglycerides residence time which happen to have the same TCN as triolein 
and palmitodiolem. Comparison of the effect of heating on the methyl 
esters of unheated and heated olive oil is shown in Fig. 36, which shows 
normal "unchanged" and dimers and polymeric methyl esters. Polymeric 
esters, however, did not exceed 24.2% of the heated olive oil methyl 
esters in spite of the fact that we had about 45.0% high molecular weight 
triglycerides. This difference can be explained by the fact that possibly 
only two of six esters in two triglyceride molecules are involved in 
dimerization. 
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However, t h i s percentage has changed as a r e s u l t of the dimerization, 
polymerization, fragmentation, e t c . 
Analysis of the methyl e s t e r s required the improvement of exis t ing 
methods of methyl e s t e r analysis. A good mobile phase system was found 
to be a c e t o n i t r i l e . Crit ical p a i r s of methyl o l e a t e and palmita te have 
been separated. (Fig. 37) The mechanism of t h e i r separation follows that 
discussed e a r l i e r . 
Using th i s system not only c y c l i c monomers have been resolved com-
ple te ly from palmitate and e l a i d a t e , but apparently cyclic monomer i s o -
mers have been separated from each other . (Fig. 38) Analysis of unheated 
and heated ol ive o i l methyl es te rs on HPRC show c lear ly the difference 
where heated ol ive o i l methyl e s t e r s contained a large amount of polar 
compounds in addit ion to an increase in the e l a i d a t e es te r . (Fig 39) I t 
seems tha t these compounds have t h e same molecular weight component as 
"normal" e s t e r s which clears some of the discrepancy in the r a t i o of 
polymeric t r i g lyce r ide and methyl e s t e r s in heated olive o i l . A trace 
component shows in the area of c y c l i c monomers. For preparat ive reasons, 
a neat sample of heated olive o i l methyl es ters was separated on HPRC 
using acetonitr i le:methanol (1:1) a s the mobile phase (Fig. 40) , instead 
of a c e t o n i t r i l e alone. Although t h e new mobile phase destroyed some of 
the reso lu t ion , i t resulted in f a s t e r elution of polar components and 
sharper peaks in the cyclic monomer. This chromatogram shows tha t there 
are two main peaks: the cyclic monomer area 4A and 4B. A considerable 
amount of component 6 i s shown to e l u t e after s t e a r a t e . When heated 
C 
UL 
20 (min) 
B 
20 (rain) 
Figure 34: Separation of unheated (A) and heated (B) olive oil 
"unchanged" triglycerides on two 150 x 4.6 mm 5 u Supelcosil LC-18 
using acetone:acetonitrile (63.6:36.4 v/v) as a mobile phase at 
a flow rate of 1.5 ml/min. 
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TABLE 6 
TRIGLYCERIDE COMPOSITION OF HEATED AND 
UNHEATED OLIVE OIL 
Unheated Hea t ed 
% w t . %
 w t . 
Unchanged % 
Triglyceride 99.8 55.0 
Triglyceride 
Fraction 
1 2.7 1.0 
2 18.0 7.0 
3 13.5 5.1 
5 35.2 21.6 
6 24.4 20.3 
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Figure 35: High performance gel permeation chromatography of unheated 
(A) and heated (B) olive oil methyl esters on two 30 x 7.8 mm uStyragel 
500 A columns using tetrahydrofuran (THF) as a mobile phase at a flow 
rate of 1.0 ml/min. 
Figure 36: HPRC of methyl esters. Columns: 2 x 250 x 4 mm Supelcosil LC-18. Mobile 
phase: acetonitrilermethanol (1:1 v/v). 
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Figure 38: HPRC of cyclic monomer ester on Supelcosil LC-18 column and using 
acetonitrile as a mobile phase. 
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Figure 39: HPRC of unheated (A) and heated (B) olive oil, via HPRC on Supelcosil LC-18 using aceto-
nitrile as the mobile phase. 
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Figure 40: Preparative separation of heated o l ive o i l methyl e s t e r s 
using three 250x4.6 mm Supelcosil LC-18 columns and methano l : ace ton i t r i l e 
(1:1 v/v) as a mobile phase. 
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o l i ve o i l methyl e s t e r s and t h e HPRC f r a c t i o n s were analyzed by GC 
they showed t h a t they con ta in a host of compounds ( f ragments , polar and 
n o n p o l a r ) . (F ig . 41) Ana lys i s of f r a c t i o n HPRC-1 on GC (Fig . 42) confirmed 
tha t t h i s f r a c t i o n i s mainly composed of fragments and polar components 
because they e l u t e very qu ick ly on HPRC w h i l e they were r e t a i n e d on GC. 
F r a c t i o n HPRC-2 showed a m i x t u r e of components, r ang ing from shor t chain 
to long chain and from nonpolar to p o l a r . (F ig . 43) Confirmation of the 
f u n c t i o n a l groups of these components r e q u i r e s chemical t rea tment which 
was n o t done in t h i s work. However, some components of t h i s f r ac t i on 
were analyzed by GC-MS and showed the p r e sence of s a t u r a t e d and unsatura ted 
f u r a n s . (Fig. 44 and 45) 
From the ions p resen t i n t he spectrum (Fig . 44) and the da t a in 
Table 7 , the s t r u c t u r e of t h e furan can be r e c o n s t r u c t e d . Fragmentation 
between the methylene group a l l y l i c to t h e double bond r e s u l t s in the 
fo l lowing ions (1 and I I ) : 
CH;T^O^SCH0) 2 ' y + l CH3 
- i + 
CH-2 -<K (CII2)x+1-C00CH3 
I I 
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Figure 41 : Gas l i qu id chromatogram of heated ol ive o i l methyl e s t e r s . 
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Figure 42: Gas chromatography of f rac t ion HPRC-1. 
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TABLE 7 
FRAGMENTATION OF FRACTION HPRC-2 COMPONENTS 
m/e 
308(M) 
277(M-31) 
265 
251 
237 
223 
209 
193 
179 
165 
151 
137 
Fragment 
b1 
b2 
h3 
b4 b5 
a5 
a4 
a3 
a2 
al 
X 
6 
5 
4 
3 
2 
Y 
8 
7 
6 
5 
4 
ion a_ 
ion b 
ion M 
k-O- CH 2 - (CH 2 ) -CO0CH3 ] ' 
r b z - d 
CH3-(CH2)x-CH2 ^ J ^ - C H ••(CH2) -COOCH 
a -J 
z 
Where x + y = 10 and z = 1, 2 , 3 , 4 or 5 
lOO-i 
50-
43 
55 
95 
81 
•'•"I- ••'; 
a. 179 
125 165 
"3 
1.1 .,1 
a, a2 
139^ \5lJ 
li .Jiil [iLJ 
V 
» t' 
~s 
193 
^ 
21 
U i l l 
b5 2 2 3 fe 
i_A V 
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I00- ,
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50-
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CH30C-(CH2) -
/ 
CH,-0-CH-2 0 2 - (CH 2 ) y -CH 3 
308 y 
b 3 ba 
23J^ 25l) b, ZV 
1
 ' ^ .J' . . . .. 
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Figure 44: Mass spectrum of one of the components present i n f r a c t i o n HPRC-2. 
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Reconstruction o f these f r agmen t s i n d i c a t e s t h a t i o n s a t m/e 265 
and 137 a r e fragments from the same component; ions a t m/e 251 and 1 5 1 , 
237 and 165, 223 and 179 and 209 and 193 a r e complementary to each o t h e r . 
Hence, M must equal t o a + b - 94 which has been found t o be t r u e . 
z z 
M = (265 + 137) - 94 = 308 f o r a l l 10 ,13 dioxane isomer 
M = (251 + 151) - 94 = 308 f o r 9, 12 d ioxane isomer 
M = (237 + 165) - 94 = 308 f o r 8, 11 dioxane isomer 
M = (223 + 179) - 94 = 308 f o r 7, 10 d ioxane isomer 
M = (209 + 193) - 94 = 308 f o r 6, 9 d ioxane i somer . 
F i g u r e 45 i n d i c a t e s the p o s s i b l e presence of a fu ran wi th a d d i t i o n a l 
double bonds in the c h a i n . The i o n a t m/e 177 i n d i c a t e s t h a t t h i s 
fragment has a double bond in a d d i t i o n to t he furan r i n g I : 
+ 
m/e 177 
x = 4 CH l °^CH=rCH-(CH 2 ) x -CH 3 
Fragment 163 i s a n isomer w i t h x = 3 and m/e 191 has an x = 5. 
The ion a t m/e 107 h a s t he s t r u c t u r e : 
t 
(-H) 
CH2' ^ 0 - - C^H=CH 
m/e 107 CH2 ^ 0 ^ - C H - C H , 
Thus, t h e structure o f t h i s component may be 
IOO-I 
>• 
<r> 
Z 
UJ 
UJ 
> 
< 
- J 
LU 
50-
CHZ - ^ - ( C H 2 ) % - CH « CH 
<CH„). 
I 2'y 
177 
107 
41 
57 
83 
51 
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60 
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Figure 45: Mass spectrum of one of the components found i n f r a c t i o n HPRC-2. 
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- t ,e !f 
CH,-(CH9)v-}CH9TUH=CH-)(CH , . 
"i i L " 3
 N
 2 ' x 
d' 
(CH_) -COOCH, / Z i 
cH3-CGH2)x+1-CH=CH- (CH2)_ 
Where x + y + z = 8 and y = 0 o r 1 
CH 2 | + -(CH2)z-COOCH3 
The main furan isomer has z = 4 and y = 1 o r 0 and x = 3 or 4 . 
The o t h e r two isomers 163 and 191 have a z v a l u e of 3 and 5 r e s p e c t i v e l y , 
Fragmentat ion of the molecule a t s i t e s e , f and g i s p r o h i b i t e d 
due to t he double bond effect. T h i s explains t h e absence of fragment 
ions a t m/e 237, 223 and 209. 
A hydroxy e s t e r was found among the components of f r a c t i o n HPRC-3. 
(F ig . 46) This f r a c t i o n was assumed to be composed of methyl o l e a t e , 
e l a i d a t e and p a l m i t a t e , but i t a p p e a r s that t h e hydroxyl group e f f e c t i n 
the s a t u r a t e d e s t e r i s equal or g r e a t e r than t h e e f fec t of a double bond. 
This has been proven t o be the c a s e in the s e p a r a t i o n of c h o l e s t e r y l 
e s t e r s on HPRC. I t seems that t h i s component e l u t e d e a r l y i n the f r a c -
t i o n . A look a t the mass spectrum shows tha t t h e r e are two main i somers 
and a t r a c e of a t h i r d isomei. Fragment ion a t m/e 215 i s : 
CH-(CH„) -COOCH, n + 
l •* 3 
OH 
The ion a t m/e 201 i s a fragment f rom a 10-hydroxy e s t e r w h i l e the ion 
a t m/e 187 i n d i c a t e s t he presence of a 9-hydroxy e s t e r . 
Removal of the methoxy group from the m e t h y l e s t e r r e s u l t s in t he 
ions a t m/e 183, 169 and 155, r e s p e c t i v e l y . The f ragmentat ion p a t t e r n 
i s shown below: 
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Figure 46: Mass spectrum of hydroxystearate isomers found in heated o l ive o i l . 
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CH3-(CH2)x-CH-(CH2) -C00CH3 
OH 
CH-(CH-) -COOCH. 
OH 
|-32 
CH-(CH ) -C=0 
I Z y 
. OH ]* 
The site of the hydroxyl group is confirmed by fragment C which 
is (59 + 14n). These fragments end at 59 + C~. However, there is no 
peak for the ion at m/e 59 + Cq, due to the small amount of 11-hydroxy 
ester isomer. The ion fragments at m/e 43, 55, 83 and 97 possibly are 
due to cyclization and rearrangement of the molecule or to hydrocarbon 
fragmentation after removal of water from the molecule, which is indi-
cated by peak 296 (m - 18). 
Figure 47 shows a monounsaturated cyclic monomer. The two major 
peaks are 67 and 81 which could indicate the presence of two cyclic 
monomers, cyclohexenyl (I) and pentenyl (II): 
(CH2)x-CH3 
CX 
„, C00CH_ 2'y 3 
x + y = 10 
II 
a A ^ «*2>n-<*3 
XX (CH2)n-COOCH3 m + n = 11 
with the double bonds in position a, b, or c. 
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Figure 47: Mass spectrum of a monounsaturated cyclic monomer ester found in heated olive oil. 
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Figure 48: Mass spectrum of saturated cycl ic monomer e s t e r s found in heated o l ive o i l . 
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Figure 49: Mass spectrum of diunsaturated cycl ic aromatic monomers formed in heated o l ive o i l . 
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Figure 50: Gas chromatogram of fract ion HPRC-4B. 
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The spectrum shown in figure 48 indicates the presence of saturated 
cyclic monomers along with unsaturated cyclic monomers with the base 
peak at m/e 55, which is due to the hydrocarbon chain attached to the 
ring and to the fragmentation of the ring itself. The length of the 
chain could not be determined due to the existence of isomers in these 
cyclic monomers. 
The occurrence of cyclic methyl esters is shown in the mass spectra 
presented in figures 47 and 48. Figure 49 shows the spectrum of disub-
stituted cyclohexadiene and a trace amount of disubstituted benzene 
structure. The base peak for the cyclohexadiene ester is at m/e 79, 
which is represented by the fragment 
[OJ + 
The peak due to the trace aromatic ester is shown to be the tropylium 
ion at m/e 91 
Both components are shown to have the structures I and II: 
^ycVx-^ ^ Y ^ P X - ^ 
^^(CH 2) y-COOCH 3 ^ ^ N c ^ ) -C00CH3 x + y = 10 
I II 
Although no component from fraction 4B has been subjected to GC-MS, 
the GC analysis shows the existence of C^ g fractions that could be cyclic 
or branched, which is to be determined. (Fig. 50) The combination of 
HPRC and GC could be proven to be a valuable tool for the analysis of 
complex mixtures where one technique alone fails. 
SUMMARY AND CONCLUSION 
Methods have been developed for the separation of t r i g l y c e r i d e s , 
cholesteryl e s t e r s , and heated olive o i l methyl e s t e r s using high 
performance reverse phase chromatography (HPRC). Preliminary s tudies 
of the speara t ion of t r ig lyce r ides showed the e f fec t of the packing 
character is t ics (par t ic le s i ze , bonded alkyl chain length, e t c . ) and 
the mobile phase composition and p rope r t i e s . The resu l t s ind ica te 
that better separation was achieved on a packing with an octadecyl 
hydrocarbon chain s t a t ionary phase bonded to a 5 u s i l i c a ge l p a r t i c l e 
than those accomplished on a shorter a lky l chain bonded to a larger 
particle s i l i c a gel. The optimum mobile phase was found to d i f fer 
according to the packing used. 
Resolution of c r i t i c a l pairs was accomplished on an octadecyl a lkyl 
chain bonded to a 5 u s i l i c a gel p a r t i c l e . Elution of these c r i t i c a l 
pairs was found to c o r r e l a t e with t h e i r molecular weight and shape and 
their degree of unsaturat ion. The theo re t i ca l treatment indicated tha t 
the presence of unsaturat ion in a molecule decreased i t s residence time 
on the s t a t i o n a r y phase by a factor t h a t differed for each molecule 
depending on the number of double bonds and the shape and weight of the 
molecule. 
The e l u t i o n sequence of molecules with the same ECN s t a r t s with 
those with t h e highest number of double bonds and terminates with those 
with the lowest number of double bonds, with the lower ECN molecules 
eluting ahead of those wi th the higher ECN. This sequence was found 
to occur during the e l u t i o n of t r i g lyce r ide s , choles te ry l and methyl 
esters on HPRC. 
Applications of HPRC in the ana lys i s and separat ion of coconut, 
olive, corn, soybean and palm oils showed the grea t po ten t ia l of the 
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method over other older methods of analysis. The triglycerides of 
these oils were separated into their simpler components. These separa-
tions, without any doubt, will result in a better understanding of the 
forces that shape the composition of these and other fats and oils. 
The application of HPRC to the analysis of heated olive oil 
triglycerides and methyl esters resulted in a better understanding of 
the effect of heating and oxidation of oils and fats. Oxidation products 
showed distinct bands that indicate a possible "fingerprint" area for 
analytical and quality control purposes. Cyclic monomers were resolved 
completely from their "normal" methyl esters counterparts. 
Although no effort was taken to determine the effect of the hydroxyl 
and keto groups on the elution behaviour and pattern of methyl and chole-
steryl esters and triglycerides, the analysis of cholesterol and heated 
olive oil methyl esters indicated that these groups have a greater 
effect in decreasing the relative residence time than does a double bond. 
The presence of a ring in a molecule changes the elution time but the 
extent of this change is determined by the substitution position, and the 
position of double bond(s) in the molecule. 
GC-MS of HPRC fractions of heated olive oil methyl esters indicated 
the presence of saturated and unsaturated furans, hydroxys tearate, saturated, 
monounsaturated and diunsaturated cyclic monomers as well as aromatic 
esters. 
In conclusion, HPRC can be effectively used in the analysis and 
separation of lipid classes into their simpler components using simpler 
mobile phases without impregnation with an interacting inorganic ion. 
It results, also, in the determination of certain lipid components 
without the need for reaction methods that can lead to erroneous results 
due to interferences or that require a longer time or larger samples. 
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